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Abstract 
Visual motion-evoked potentials were recorded from the 
human scalp. 
i 
The stimulus chosen for most detailed study was sudden 
reversal of the motion of a patterned field, on the hypothesis that 
this was likely to activate only mechanisms selectively sensitive 
to the direction of stimulus motion. A large proportion of the 
experiments were designed to test this hypothesis; and in fact 
they supported it. 
In addition to motion-reversal VEPs, VEPs to the onset 
and the offset of pattern motion, and to the appearance and dis-
appearance of patterns were recorded and analysed. The relation-
shipS between these different types of VEP were investigated. 
Also, the dependence of the motion-onset, -offset end 
-reversal VEPs on certain stimulus parameters was studied. 
Are motion-reversa.l VEPs produced by direction-selective mechanisms? 
That direction-selective mechanisms were at least partlY 
responsible for the motion-reversal VEPs was confirmed, since an 
adapting stimulus moving in the same direction as the motion before 
reversal produced an effect on the VEP different to that produced 
by en adapting stimulus movine in the opposite direction. 
Further investigation indicated that direotion-selective 
mechanisms were probably the sole contributors to the motion-reversal 
VEPs, since control experiments failed to support any of the most 
likely alternative w~s in which direction-insensitive mechanisms 
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might theoretical~ have contributed to the motion-reversal VEPs. 
In particular, considerable attention ~as devoted to the 
possibility that mechanisms sensitive to contrast but insensitive 
to direction of motion might have been activated by a brief increase 
in the effective contrast of the stimulus pattern at the moment of 
reversal, and thereby have contributed to the VEP. Such an increase 
in the effective contrast could in theory have been caused by the 
brief slowing down which inevitably occurred at the moment of reversal, 
but several experiments refuted this interpretation. In particular, 
the VEPs ~ere virtually independent of the time taken for reversal, 
but were very dependent on the velocity befOre and after reversal, 
reducing almost to zero at very high or very low velocities. 
A sudden step-displacement or change of the pattern at the 
moment of reversal suppressed the VEP. This effect was not caused 
by interference with the time-course of slow movement at reversal, 
since suppression occurred even when the step-displacement took 
place outside the period. of slow movement. .\ psychophysical effect 
has been observed which rr.~ be cor~ected with this phenomenon. 
Involuntary eye movements ere apparent~ not implicated 
in the production of the VEPs, since periodic and aperiodic stimu-
lation yield similar results. 
Certain other wqys in which VEP componenta might have 
arisen, even in the absence of eye movements or imperfections in 
the stimulus motion, have been investigated; but there has been no 
iii 
indication of the occurrence of such components. 
So the motion-reversal VEPs probe.bly arose almost entirely 
from direction-selective mechrulisms. 
C omp anent Mall sis of YEP s 
The ~Pa to the reversal and to the offs~t of motion 
apparently comprised three separate component peaks. III this respect 
they were similar to pattern-appearance VEPs, and the distribution 
over the scalp of any one of the components was the same for all 
three kinds of VEP (e.e. the first peak of the motion-reversal VEP 
had the some scalp-distribution as the first peak of the motion-
offset VEP and the first peak of the pattern-appearance VEP). This 
implied that the corresponding components originated in the sume 
cortical areas, and a correlation enalysis of the a.mplitudes of the 
various components of motion-reversal VEPs and pattern-appearance 
VEPs for different subjects supported this conclusion. Now there is 
convincing evidence (Jeffreys, 1971) that the first component of 
pattern-appearance VEPs originates in striate cortex end the later 
components in extrastriate cortex. It is therefore concluded that 
the first peaks of motion-reversal and. motion-offset VEPs are likewise 
probably from striate cortex, and the later peaks from extrastriate. 
The VEP to motion-onset was very different from the above 
VEPs, however, and appeared to be more closely related to the pattern-
disappearance VEP. It is possible that the same mechanisms underlie 
these two kinds of VEP. 
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Although motion-reversal VEPs appear to be the product 
of direction-selective mechanisms alone, it is far from certain that 
this is true of motion-cnset and -offset VEPs. Nevertheless, there 
is evidence that the latter kinds of VEP m~ share generating mech-
anisms with the former; since the motion-reversal VEP was, under 
maqy conditions though not all, a good approximation to the sum of 
the motion-onset and -offset VEPs recorded under similar stimUlus 
conditions. 
The effects of varying stimulus parsJll!:ters 
Motion-reversal VEPs were found to be largely independent 
of brightness except at the lowest levels, but the latency did tend 
to increase sli~htly as the brightness was reduced. 
Despite the discovery (MaCK~ & Rietveld, 1968) that the 
proximity of a stationary reference line enhances the VEP to the 
onset of motion of a stimulus line,' it appears that the sharp contours 
comprising the edge of the visual field did not influence the VEPs 
to the onset, offset or reversal of pattern motion, since replacing 
the sharp contours by blurred ones did not affect the VEPs. 
The onset, offset and reversal VEPs did not depend greatly 
on the direction of motion. Superimposing a steaqy motion did, 
however, markedly modify the VEPs. 
The effects of using patterns other than visual noise were 
investigated. Checkerboeros and visual noise produced similar results, 
but line rasters produced very different ~~s. 
CHAPTER 1 
Introduction 
There are two main standpoints from which vision may be 
studied.: psychophysics and electro-physiology. These two approaches 
are logically distinct, and complementary. Each is valid in its own 
right, but special interest attaches to the relationship between the 
two, that is, between the subjective experiences investigated in 
psychophysics and the objective recordings of electro-physiology. 
But herein lies a problem, for psychophysical investigations are 
almost always carried out on human subjects, whereas the bulk of 
visual physiology has to be done on lower animals, since surgery is 
usually involved. Partly for this reason, some researchers have 
been attracted to the teohnique of recording visual evoked potentials 
(VEPs) from the human scalp, as a "linking teChnique" (Campbell & 
Maffei, 1970). An additional advantage of VEPs is that they m83' show 
up features of large-scale activity in the nervous system that would 
not be d.etectable at the level of single units. Also, the larger 
scale of the data ID83' facilitate comparison with psychophysical data.. 
In everyday experience of the visual world the presence of 
contours is much more important than the total wnount of illumination, 
and cortical single neurones are likewise more sensitive to contours 
than to diffuse illumination (e.g. Hubel & Wiesel, 1962, 1965, 1968). 
This fact has prompted a number of investigators to stuqy pattern-
evoked potentials on the human scalp (e.g. Spehlmann, 1965; Spekreijse, 
1966), and there is growing evidence that this line of research is 
1 
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likely to be fruitful. (See subsection 1.1.2!). 
Now motion is also a very important parameter for the 
stimulation of m~ cortical neurones (Hubel & Wiesel, 1962, 1965, 
1968), which suggests that pattern motion m~ be an important stimulus 
parameter for VEPs; but there have so far been only a few brief 
pUblioations dealing with this (Dawson, Perry & Childers, 1968; 
MacKay & Rietveld, 1968; Rietveld & MacKay, 1969a, b). Hence the 
choice of visual motion-evoked potentials as the subject for research 
to be outlined in this thesis. 
1.1. Visual evoked potentials. 
Visual stimulation with a bright flash produces a transient 
po~phasic potential change on the scalp, which is often detectable 
. in the raw EEG. Early investigators of these "evoked potentials" 
relied on.the radar technique of superimposition to enhance the signal-
to-noise ratio £ a •• ",·", 195 '0;, but more recently averaging techniques 
have provided a better means of separating the evoked potentials from 
[)~ \'\S ... ; 
the background activity ~Clark,J 1958; Goldstein, 1960; Halliday & 
Pitman, 1965). (And in this thesis all reference to VEPs must be 
understood to denote averaged evoked potentials.) If the noise is 
random, and independent of the signal, the signal-to-noise enhancement 
is equal to ,/n, where n is the number of averaging samples. 
The VEPs recorded using the above averaging method oan, of 
course, be produoed only if the stimulus is repetitive at sharply 
defined moments of time at whioh the averaging apparatus oan be triggered. 
Such VEPs are called "transient VEPs", and must be distinguished from 
"steady-state VEPs", which are produced by modulating a stimulus 
parameter about a fixed level. The fundamental and higher harmonic 
components of the latter VEPs are extracted using cross-correlation 
techniques or by means of narrowly tuned band-pass filters. Steady-
state VEPs will not be discussed further in this thesis, but they 
have been reviewed in MacKq (1969) and by Regan (1970). 
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In the following sub-sections, VEP research is reviewed, 
with special emphasis on pattern-evoked potentials and movement-evoked 
potentials, as these are the most relevant to the present thesis. 
(For more detailed reviews see MacK~, 1969; Perry & Childers, 1969; 
MacK~ & Jeffreys, 1971; Regan, 1971.) 
1.1.1. Flash-evoked potentials. 
In the bulk of VEP research, flash has been the stimulus. 
It has been widely reported that the VEP to flash is ver,y complex, 
polyphasic, and sUbject to considerable variation between individuals, 
but is consistent for repeated recordings from the same subject (e.g. 
Cobb, 1950; Monnier, 1952; Ciganek, 1961; Kooi & Bagchi, 1964). 
The parameter which has been most studied in flash VEP 
research is luminance. At low luminances the VEP is biphasic, but as 
the luminanoe is inoreased, more oomponents are added to the VEP which 
then becomes ver,y complex (Tepas & Armington, 1962). The amplitudes 
of the early components, at aqy rate, increase systematically with 
luminance until saturation is reached; and the latency of all components 
decreases as luminance is increased (Tepas & Armington, 1962; Shipley 
et.' al., 1966). 
Another important parameter is retinal area. According 
to DeVoe, Ripps & Vaughan (1968), flash VEPs are largely foveal in 
origin, but Eason et ale (1967) have reported responses due to flash 
stimulation of small areas more than 400 from the centre of vision. 
If small retinal areas are used, this helps to simpli~ the VEPs 
(Tepas& Armington, 1962), and some VEP components then exhibit 
polarity reversal between upper and lower half-fields (Schreinemachers 
& Henkes, 1968). The latter phenomenon is much more marked, however, 
with patterned stimulation, as will be seen in the next seotion. 
1.1.2. Pattern-evoked potentials.; 
(a) Flashed pattern VEPs. 
If the flash stimulus illuminates a patterned field instead 
of a homogeneous field, striking differenoes in the torm of the VEPs 
result (Spehlmann, 1963, 1965; Chapman, 1965; John et al., 1967; 
Harter & White, 1968). The most pronounced changes are reported to be 
the reduction or reversal of polarity of a prominent 100 mseo positive 
peak and the enhancement of a later (200 msee) positive peak. These 
VEPs to flashed pattern are sensitive to the parameters of the pattern. 
Flashed checkerboard VEPs were usual13 largest for check sizes in the 
range 10-20' (Spehlmann, 1965; Rietveld et al., 1967; Harter & White, 
1968, 1970), but the optimal check size depended on the retinal area 
stimulated (Eason, White & Bartlett, 1970; Harter, 1970). Reduoing 
the contour sharpness greatly diminished the pattern-related components 
(Spehlmann, 1965; Lifshitz, 1966; C13nes & Kohn, 1967) especially for 
the smaller (20') check sizes (Harter & White, 1968, 1970). 
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The effects of varying pattern luminance have been studied 
less, but it appears that the amplitudes of the main pattern-related 
components tend to increase with brightness while the latency decreases 
(Rietveld et al., 1967; Jeffreys, 1968b). 
But the considerable volume of work on flashed patterns is 
very difficult to interpret because the VEPs include large components 
due to change of luminance, as well as the pattern-related components. 
Some authors have attempted to eliminate the luminance-change components 
by subtracting from the flashed pattern VEP the VEP to homogeneous 
flash (Rietveld et al., 1967; Jeffreys, 1969) or to flashed defocussed. 
pattern (White, 1969), a procedure that resulted in a simple diphasic 
or triphasic VEP. This assumes that there is a linear relationship 
between brightness-related and pattern-related components of the VEP~, 
and there is indeed evidence for the validity of such an assumption 
(Jeffreys, 1968a, b), alth?ugh not under all stimulus conditions 
(van der Tweel et al., In Press). The latter facts strong~ suggest 
that the brightness-related and pattern-related VEP components are 
generated in neural mechanisms that are largely independent of each 
other. 
The above-mentioned subtraction process was used by Jeffreys 
(1969) for an investigation of the variation of pattern-related VEP 
components with stimulus patterns (Fig. 1.1.1.). A pattern of contin-
uous parallel straight lines was found to be less effective than an 
arr~ of broken lines for producing large VEPs. In general, patterns 
rich in high-order pattern-features such as corners and discontinuities 
produced larger VEPs. 
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Variation of "pattern-related" EP components with stimulus patterns T.I-T.8 
(left·hand column) for 4 subjects. The wave Corms shown were obtained by subtracting the EP to 
the nash-presented blank field from that obtained to the flash-presented patterned field. (To 
obtain a similar intensity distribution for the blank field in each case. the appropriate pattern was 
placed behind the opal £Iass screen.) Typical "blank flash EP's" are shown in tile upper traces. 
Fit;.1 .1 .1 • (After J effreyG, 1969). 
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Similar, though less detailed, conolusions were previouslY 
reaohed by Rietveld et ale (1967), who suggest that corners are more 
effective stimuli when the corner angle is acute, rather than obtuse. 
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It has been claimed that the regularity of the pattern is a 
very important parameter (Beatty &: Uttal, 1968; Beatty, 1969). They 
reported that the VEP produoed by regular line or dot patterns was 
reduced if the patterns were made even slight~ irregular. But 
Jeffreys (1969) found no such effeot. Beatty &: Uttal did not take 
any measures to eliminate brightness-related components from the VEPs, 
and this may, perhaps, be the cause of the discrepancy. 
(b) Constant luminance pattern VEPs. 
Although the process of subtracting the blank VEP from the 
flashed pattern VEP to give an uncontaminated pattern-related response 
seems to be valid under m~ conditions, a more satisfaotor,y and direct 
method for avoiding brightness-related VEP components is to use a 
stimulus which does not involve any change in mean luminance. Three 
main kinds of constant-luminance patterned stimulus have been used. 
(i) Pattern-appearance (Jeffreys, 1968a, b, 1969, 1970a, bi Rietveld 
&: MacKa,y, 1969a, b; van der Tweel, Regan &: Spekreijse, 1971). (ii) 
Pattern-disappearance (van der Tweel et al., 1971). (iii) Pattern 
contrast-reversal. This form of stimulus has been used wide~ both 
with grating patterns (Johnson et al., 1966. Cobb et al., 1967b. 
Riggs &: Whittle, 1967. Campbell &: Maffei, 1970; Maffei &: Campbell, 
1970. Ma,y et al., 1971) and also with cheokerboard patterns (Spekreijse, 
1966; Cobb at al., 1968. Michael&: Hallida,y, 1970; van der Twael et al., 
1971; Ragan &: Richards, 1971). 
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(b.1.) Pattern-appearance VEPs. 
VEPs to pattern-appearance at constant luminance are 
essentially triphasic, if stimulation is limited to the upper or 
lower half of the vi$ual field. The peak latencies are at approximately 
80,110 and 180 msecs, but ma,y vary according.to the stimulus parameters. 
For lower halr-rield stimulation, the rirst and third peaks are positive 
end the second peak is negative; but for upper half-field stimulation 
the polarities are usually reversed (Jefrreys, 1970a, b, 1971). (Such 
polarity-reversal also occurs with VEPs to checkerboard pattern-
reversal (Halliday & Michael, 1970). The three peaks in the pattern-
appearar.ce VEPs do not have identical scalp distributions. Detailed 
studies of the rirst two peaks for different 300 and 45 0 sector and 
semi-annular fields suggest, on the basis of a dipole model, that the 
first peak originates in striate cortex, the second in extra-striate 
cortex, both components reflecting activity which is negative at the 
cortical surface (Jerfreys, 1970b, 1971). The dipole model satisfact-
orily explains the polarity-reversal between upper and lower half-
fields. 
Not only do the components (peaks) have different scalp 
distributions, they also respond differently to various stimulus para-
meters. In particular, the second and third components are considerably 
reduced by prolonged pre-exposure of a pattern, if the form and 
orientation of the stimulus pattern and pre-eJCposure pattern are similar, 
but the first component is not great~ affected. (Jeffreys & AJCford, 
unpublished data). For this reason, if the stimulus repetition rate is 
high, the later VEP components are reduced if the pattern-appearance 
time is greater than about 50 msecs. 
(b.2.) Pattern-disappearance VEPs. 
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There is on~ one published report concerning VEPs to pattern-
disappearance at constant luminance (van der Tweel et al., 1971). 
Using low-contrast patterns, they found that the pattern-disappearance 
VEPs were unipolar and of opposite polarity to the main component of 
the pattern-appearance VEPs (probably the second of the three components 
identified by Jeffreys). The amplitudes of the pattern-disappearance 
VEPs were great~ reduced if the rate of change of spatial contrast at 
transition was reduced. In this respect, the pattern-disappearanoe 
VEPs differed from pattern-appearance VEPs, for the latter were not 
greatly affected by variations in the rate of change of contrast. 
VEPs to the disappearance (and also to the appearance) of 
dot patterns have been studied by Harter (1971), but in these studies 
there WaS no attempt to hold the luminance constant. Both the appearance 
and disappearance VEPs were markedly reduced by defocus81ng, and both 
were strongly dependent on the size and spacing of the dots. The most 
ef:fective stimuli were smaller in subtense for the off-responses than 
for the on-responses. Lesevre & Remond (1970) have studied VEPs to the 
illumination and ocolusion of checkerboard patterns. The responses 
were very complex, as one would expect since they did not eliminate 
brightness-related oomponents. They noted that the off-response was 
smaller than the on-response. 
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(b.,.) Pattern contrast-reversal VEPs. 
VEPs to checkerboard-reversal were first investigated by 
Spekreijse (1966). For small check-sizes (20') such VEPs were almost 
certainly caused by contrast-sensitive mechanisms for the following 
reasons. 
(1) The VEP amplitude was very great~ reduced by defocussing. 
(ii) The VEP was suppressed by placing thin black threads so as to 
obscure the reversing contours (for a check size of 10', a 20" width 
of thread was sufficient to completely suppress the VEP). But threads 
located along the middles of the squares had much less effect. 
(iii) The checkerboard-reversal VEP amplitude was large~ independent 
of temporal frequency up to about 20 revers~sec, then greatly reduced 
for aqy further increase in frequency. This contrasts with VEPs to 
sinusoidally modulated luminance, which show resonance peaks at 
approximately 10Hz, 50Hz and sometimes 16Hz (van der Tweel & Lunel, 
1965; Regan, 1968). In Spekreijse's (1966) experiments, the contrast 
varied sinusoidally, but a qualit aU vely s"tmilar dependence on 
frequency and resolution of the pattern has been observed for step-
modulated checkerboard VEPs (Cobb et al., 1967b, 1968). 
The above results are for check sizes of 20' or less, but 
there is evidence that the contrast-specific components of the 
checkerboard-reversal VEP m~ be seriously contaminated with other 
kinds of component for check sizes above 20' (Regan, 1971). First~, 
although defocussing the retinal image attenuates the VEP for check 
sizes below 20', it can substantially increase the VEP for larger 
11 
check-sizes (Regan & Richards, unpubliahed observations). Secondly, 
VEP suppression due to placing thin black threads over the reversing 
edges is on~ effective for check sizes less than approximate~ 20' 
(Spekreijse, 1966). 
This suggests that the checkerboard-reversal VEPs studied 
by Michael & Halliday (1971), and Halliday & Michael (1970), using 
a 50' check size, may well have been contaminated by components not 
contour-specific. Nevertheless, the main components of the above 
VEPs showed polarity-reversal between upper and lower half-field, as 
reported for pattern-appearance VEPs by Jeffreys (1969), which suggests 
that they were pattern-specific. For, with homogeneous flash stimu-
lation, polarity-reversal effect8 between the upper and lower half-
fields have been reported o~ for small-field stimulation, and even 
then on~ for certain VEP components (Schreinemacher & Henkes, 1968); 
for visual fields of the size used by ltich8.el and Halliday (i. e. 7-90 
radius), such polarity-reversals do not apparent~ oocur, although 
the differences in the VEPs between upper and lower half-fields stimu-
lation is greater than between right and left (Rietveld et al., 1965). 
Aspects of research on pattern-evoked potentials will be 
further reviewed in relation to eye-movements (1.1.3), cortical topo-
graphy (1.1.4), and motion (1.1.5), and in conneotion with the relation-
ship between VEPs and single unit physiology and psychopqysics (section 
1.4.) • 
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1.1.3. Eye-movement VEPs. 
Saccadio movements of the eyes over a patterned field 
produce lambda-shaped waves in the raw EEG called "lambda waves" 
(Evans, 195~, which are localised over the parieto-occipital scalp. 
Avera.ged lambda waves, sometimes called "lambda responses" have been 
investigated widely (Gaarder et al., 196~; Barlow, 196~; Remond et al., 
1965; Armington et al., 1967; Scott & Bickford, 1967; Barlow & Ciganek, 
1969; Lesevre & Remond, 1970). 
It seems that lambda responses are produced large~ by dis-
placements of the retinal image during eye movements, because the 
voltage-time waveform is very similar in VEPs due to object movement 
and in those due to eye movement (Barlow & Ciganek, 1968; Lesevre & 
Remond, 1970), and there is no signiricant difference between VEPs to 
active or passive saocades (Scott & Bickford, 1967). Again,' the soalp 
distributions of lambda responses and pattern-displacement VEPs are 
very similar (Lesevre & Remond, 1970), and lambda waves reoorded direot 
from the cortex in human patients have a triphasio or diphasio waveform 
(Chatman et al., 1960), similar to that reported from the scalp to 
pattern-appearance (Jeffreys, 1969). 
Also, Armington et al., (1968) recorded VEPs to involuntar,r 
saccades over a grating pattern, and found that the VEPs were largest 
for bars aubtending 9'-13' , whioh is approximately the median amplitude 
of saccadic eye movements. They interpreted this as evidence that the 
VEPs were essential~ pattern-displaoement VEPs. 
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Nevertheless, it should be noted that the similarity between 
pattern-displacement VEPs and lambda responses is not quite perfect, 
(Barlow&: Ciganek, 1968; Lesevre &: Remond, 1970), and there is a 
small but measurable response even to saccades over a uniform dark 
, field (Leaevre &: Remond, 1970); evoked potentials to saccades in the 
dark have been reported also in cat cortex (Jeannerod &: Sakai, 1970). 
So lambda-responses are probably pattern-displacement VEPs with minor 
non-visual components also involved. 
Lesevre and Remond (1970) have fO\Dld that lambda responses 
oonsist essentially of components due to the start and finish of the 
eye movements over the pattern. The presence of the pattern during 
the saccade does not seem to be important. 
1.1.4. Evoked potentials and cortical topographY. 
In this section, the relationship between scalp-recorded 
VEPs and the large-scale cortical activity producing them will be 
discussed, with special reference to pattern-eVOked potentials as these 
are particularly relevant to the present study. 
(a) Pattern VEPs in monkey oortex. 
There are unfortunately few data on pattern VEPs recorded 
directly from the oortex. VEPs to flashed patterns were recorded in 
the striate cortex of awake rhesus monkeys (Pribram, Spinelli &: Kamback, 
1967; Spinelli, 1967). The main V!P components had latencies between 
about 50 and 100 mseelS and depended to some extent on the pattern used 
(oirole or stripes). But the above experiments were primarily ooncerned 
with higher functions, and provide little helpful information for 
interpreting human scalp-recorded VEPs. 
14-
Lambda waves (which probably inolude pattern VEP components) 
have been investigated in unanaesthetized monkeys (Hughes, 1964-). 
They were found to be essentially biphasio at the oortical surface, 
first negative, then positive. The positive component is greater on 
the mesial surface of the occipital cortex, but the earlier negative 
componen~ is greater on the lateral surface. There appear to be two 
main foci of activity on the mesial surface; one near the parieto-
occipital sulcus, the other in the region of the calcarine sulcus. 
On the lateral surface there is one main focus of activity midw~ 
between the parieto-occipital sulcus and the occipital pole. Scott 
and Bickford (1966) found the lambda responses to be triphasio, however, 
whether reoorded from humans, using soalp electrodes, or from monkeys, 
using multiple depth electrodes and subdural electrodes. The latenoies 
of the three peeks appear to have been comparable with the latencies of 
the three components noted by Jeffreys (1970b, 1971) in pattern-
appearance VEPs recorded from the human scalp. 
(b) The relationship between scalp activi~ and cortical surface activity. 
Cooper et ale (1965) found that although flash VEPs recorded 
from human subdura and scalp were eimilar when recorded over non-
specific frontal cortex, they were dissimilar when recorded over 
specific ocoipital oortex. On the other hand, Vaughan has presented 
data from patients and monkeys that scalp-reoorded VEPs to flash were 
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of similar form to the cortical potentials, although attenuated 
(MaoKay, 1969). An intermediate position is that of Heath and G-albraith 
(1966), who reported fairly good agreement between soalp-recorded and 
cortically-recorded VEPs, but also noted that there was considerable 
spread to distant scalp electrodes. Such spread between scalp and 
cortex has the effect of averaging out cortical activity if it is 
highly localised, but not if it is more widespread (de Lucchi et al., 
1962) • 
There is evidence, also, that the cortex, in generating VEPs, 
behaves as a dipole sheet (Fourment et al., 1965; Vaughan, 1969), which 
opens up the possibility of accounting for.the distributions of the 
VEPa acoording to volume-conductor theory, using a dipole model. It 
has been argued by Vaughan that the brain medium can, for these purposes, 
be considered an isotropic, purely resistive medium (MacKay, 1969). 
In particular, Jeffreys (1969, 1970a, bi 1971), Halli~ & 
Michael (1970), and Michael & Halliday (1971) have proposed dipole 
models to explain the distribution of pattern VEPs. The matter has 
aroused some controversy. 
Jeffreys (1969) reported polarity-reversal between upper and 
lower half-fields for all three oomponents of the triphasio VEPs which 
are produced by pattern-appearance. He euggested that the polerity-
reversal oould be explained if the responses were generated in the 
calcarine fissure (striate cortex), since the upper and lower half-
fields project to regions of calcarine cortex that are inverted with 
respect to each other. For it is well known that regions near the 
horizontal meridian in the lower and the upper half-fields project 
to the roof and floor respective~ of the calcarine fissure in man 
(Holmes, 1918, 1945; Teuber, Battersby &: Bender, 1960; Brindley & 
Lewin, 1968), as in monkey (Talbot & Marshall, 1941; Cowey, 1964). 
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Halliday &: Michael (1970) did not accept Jeffreys' explanation 
that the VEPs originated in the calcarine fissure. They used alter-
nating checkerboards, stimulating different octants of the visual 
field, and found larger responses from the near-vertical oct ants than 
from the near-horizontal ones, and the polarity-reversals were most 
pronounced between upper and lower vertical octants. Since these 
octants are represented mainly outside the calcarine fissure (Holmes, 
1918; Brindley &: Lewin, 1968), they argued that another explanation 
for the polarity reversals was required. Moreover, both checkerboard-
reversal VEPs and flashed-pattern VEPs were optimal about 5-7.5 cm 
anterior of the inion, whereas one would expect responses from striate 
cortex to be optimal within about 2.5 cm of the inion. Hallidav &: 
Michael (1970) therefore suggested that the VEPs were generated in 
extrastriate cortex, and came to the eventual conclusion that the 
polarity-reversal was due to the difference in orientation between 
the VEP-generating dipole sheets on the upper and lower surfaces of 
the occipital lobes (Michael &: Halliday, 1971). It should, however, 
be emphasized that these results cannot be directly oompared with 
those of Jeffreys (1969, 1970a, b, 1971) since the oonditions of 
stimulation and the resulting VEPs were very different. 
Further work of Jeffreys (1970b, 1971) using sectors and 
semi-annular fields led him to conclude that the first component of 
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the pattern-appearance VEPs did originate in striate cortex, polarity-
reversal being caused in the manner previous~ suggested (1969); but 
that the second component was extrastriate in origin, polarity-reversal 
being caused by differences in the orientation of the VEP-generating 
dipole sheets in extrastriate cortex on the upper and lower surfaces 
of the ocoipital lobes. 
1.1.5. Motion-evoked potentials. 
Long before modern averaging techniques beoame aVailable, 
Marshall & Harden (1952) reoorded the EEG power spectrum and found, 
by this means, indioations of cortioal aotivity oaused by the periodio 
expansion of oiroles generated on a cathode r~ screen. They found 
that repetitive expansion of a circle at constant velocity was a muoh 
more powerful stimulus than flashing a stationar.y circle on and off. 
The brightness level of the stimulus was not an important parameter, 
and, indeed, changes in the power speotrum due to the stimulus could 
be detected even when the pattern brightness was o~ Just above 
threshold. The sharpness of focus of the expanding circle was, however, 
a very important parameter, and even a slight deorease in pattern 
sharpness produoed a noticeable attenuation in the an~sed energy 
at the pattern frequency. 
Since the advent of single unit reoording, which demonstrated 
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the importance of stimulus motion for triggering single cells in 
mammalian cortex (Hubel, 1959; HUbel & Wiesel, 1962), the effect of 
motion has been a natural candidate for investigation in VEP research. 
Yet, in fact, comparative~ little research has been done in this 
field. 
MacKay & Rietveld (1968) found that the onset of vertical 
motion (at 2.3°/sec or 4.6°/sec) of a stimulus line produced a 
measurable VEP, and, very interesting~, the addition of a reference 
line enhanced the VEP. The degree of enhancement was inver8e~ 
related to the distance between the two lines. It is unIike~ that 
much of the response was caused by the removal of light from the 
fovea when the stimulus line was displaced, for there was no consistent 
asymmetry between the VEPs for fixation above and below the rest 
position. EOO readings indicated that transorbital potentials did not 
contribute significant~ to the VEP5. A line raster was a more 
effective stimulus than a single line, and the VEP increased as the 
spacing between lines decreased within the range of spacings invest-
igated (up to 3.5 lines per degree). 
The above results were all oonoerned with the ~ of motion 
of a line or line raster, but reversal of the motion of a line raster 
also produced a VEP. In this case the effects of varying the direction 
of motion were investigated, but the VEP showed no significant dependence 
on direction of motion. 
MacKay & Rietveld oonsidered that the nature of the technique 
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prevented the recording of signals indicative of steaqy velooity, 
so that it remained doubtful whether these VEPs reflected the activity 
of velooity-sensitive unita. 
Dawson, Perry & Childers (1968) compared VEPs to the scanning 
motion of an osoillosoope spot and diffuse flash. At low brightness 
levels, especial~, the moving spot was a more potent stimulus than 
diffuse flash. Rather high speeds were used (29°/seo - 4200/sec), 
which is perhaps unfortunate as the available data from oortioal 
single unita in lower animals (Pettigrew et al., 1968. Wurtz, 1969a) 
as well as human psychop~sical data (Sekular &: Ganz, 1963; Sekuler & 
Pantle, 1966; Richards, 1971) suggests that speeds within the range 
2-200/sec would have been the most effective for activating movement-
sensitive mechanisms. The lowest speeds used by Dawson et ale produced 
the largest VEPs, which is at least oompatible with their inter-
pretation that movement-sensitive units were involved in producing 
the VEPs. EOG recordings gave no indication of eye movements elicited 
by the stimulus. No attempt was made to determine the extent to which 
movement-insensitive mechanisms m~ have been oontributing to the VEPs. 
Rietveld &: MacKay (1.969a, b) investigated VEPs to the reversal 
of direction of motion of patterned visual stimuli, and compared these 
wi th VEPs to the appearance at constant luminance of stationary 
patterns. These two forms of stimulation produced VEPs which were in 
some respeots very similar, but there were differences too. Firstly, 
decreasing the pattern contrast greatly diminished both kinds of VEPj 
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but it increased the latency of pattern-appearance VEPs and yet did 
not affect the latency of motion-reversal VEPs (Fig. 1.1.2a). Secondly, 
checkerboard pattern motion-reversal produced VEPs which included a 
negative double peak, in which the two oomponents were different~ 
affected by ohanges in check size, but pattern-appearance VEPs included 
no such double peak (Fig. 1.1.2b). Thir~, the latency of motion-
reversal VEPs varied much less over the scalp than did the latency 
of pattern-appearance VEPs. It was concluded that the differences 
between the VEPs to the two kinds of stimulus were sufficiently 
significant to indio ate that different response mechanisms m~ have 
been involved. It will be argued in section 1.5, however, that the 
evidence for this (admitted~ tentative) conclusion suffers from a 
number of subtle weaknesses. 
There is some evidence for a VEP correlate to the perception 
of apparent motion when a checkerboard pattern is displaoed a small 
distance (Regan & Spekreijse, 1970). Small (10') step displacements 
of the checkerboard produced a strong sensation of apparent movement 
end evoked a VEP. If the displacement was increased to 20' and 40' 
there was little or no illusion of movement and the VEP was reduced 
in amplitude. 
1.2. The peroeption of movement. 
The ability to respond to moving objects is essential for 
animals at ever,y level of the evolutionary scale. Stationary objects 
can often be 8afe~ ignored, but a moving objeot m~ be a predator, 
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on the one hand, or prey on the other; and survival itself depends 
on an efficient and appropriate response in either case. Indeed, the 
visual systems of lower animals respond only to moving objects, and 
the extreme periphery of the human retina is likewise sensitive only 
to movement (Gregory, 1966). 
Since the ability to respond to movement is phYlogenetical~ 
ver,y primitive, one might expect it to persist as an independent 
process throughout the evolutionary scale up to man. Certainly this 
seems to be the case at the level of eye movement control, for there 
is strong evidence in favour of independent position-control and 
velooity-oontrol feedback systems for human eye movements (Fender & 
Nye, 1961; Rashbass, 1961; Starr, 1967). We now consider in some 
detail the evidence for independent processing of movement information 
at the perceptual level. 
1.2.1. Movement perception as an independent process. 
In the context of a discussion on the after-effect of seen 
movement, Mach (1875) states: "In a sensation process, we mB3 assume 
as m~ different phYsical processes as there are psychical~ dist-
inguishable different sensation-qualities". MaCKB3 (1961a) likewise 
regards the movement after-effect, which appears as movement without 
change of position, as evidence 'that the visual system incorporates 
detectors of motion as such', since it seems reasonable to infer that 
the effect is due to the movement-detecting system becoming adapted 
just as the brightness and colour detecting systems can become 8.dapted 
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(see Wohlgemuth, 1911). Also, he found that continuous~ lit objects 
yielded considerably lower thresholds for retinal image displaoement 
than did stroboscopical~ lit objects, suggesting that 'the visual 
mechanism has developed an enhanced sensitivity to "stroking" by the 
retinal image, as distinct from a mere displaoement' (MacK~, 1961a). 
A related phenomenon is the more reoent discovery that the movement 
after-effect is great~ weakened if the stationary surface against 
which it is viewed is stroboscopically lit (Anstis et al., 1963). The 
after-effect can, however, be produced by phi-movement (Wohlgemuth, 
1911). 
The above inference from the waterfall phenomenon that velocity 
and position are separately coded is supported by the fact that velocity 
discrimination is 8trong~ dependent on luminance near threshold for 
a medium range of velocities, (Brown, 1955), whereas accuracy of localis-
ation of target position is independent of luminanoe (Leibowitz et al., 
1955). The product of luminance and exposure duration at the threshold 
for movement is constant for durations below 0.1 mseca, but for longer 
durations luminance is less important. Leibowitz (1955a) has suggested 
that the decreased importance of luminance at longer durations is due 
to indirect inference of velocity from position. He supports this 
interpretation by his discovery (Leibowitz, 1955b) that reference lines 
. . 
on~ affeot the rate threshold f'or movement-detection when the exposure 
duration is long (several seconds). 
Riddoch (1917) has argued that "movement m~ be recognised as 
24 
a special visual perception" on the grounds that missile wounds can 
abolish the perception of form in parts of the visual field where 
movement perception remains (see also Teuber et al., 1960). But 
Teuber (1960) points out that the retention of movement vision can be 
cJ.Me 
explained pure~ in terms of greater stimulation ~ to the wider 
angle of extent covered by the test stimulus, end the elimination of 
Troxler's effect (i.e. the subjective fading of the image of a 
stationary object located in the periphery of Vision, while the 
subject fixates (Clarke, 1960). 
Teuber's argument is strengthened by the fact that in parts 
of the visual field where form vision is abolished, there is alw~s 
some distortion of movement-perception, normal~ an increase in 
apparent velocity (Bender & Teuber, 1949; Teuber & Dender, 1949). 
In general, it must be said that data from brain-damaged subjects is 
difficult to interpret in the present context, and no firm oonclusions 
oan be drawn from it concerning the relationship between movement-
perception and other forms of perception. 
The discovery of direction-selective single cells, discussed 
in the next section of this chapter, is suggestive of separate 
mechanisms for processing movement information. It would seem partio-
ularly significant that, in cortex of awake cat and monkey, two 
distinct olasses of neurone have been reported; one opt1mal~ respon-
sive to stationary stimuli, the other to moving stimuli (Wurtz, 1969a; 
Noda et al., 1971). But no direct conclusions about perception can 
be drawn from these purely physiological findings. The re are, 
however, psychophysical data which correlate with the single unit 
experiments; the luminance threshold for bars moving in a given 
direction is raised by pre-exposure with high contrast bars moving 
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in the same direction. and less if the pre-exposure bars move in the 
opposite direction (Sekular & Ganz, 1963; Pantle & Sekular, 1968a. 
1969; Sekular, Rubin & Cushman. 1968). It appears that there are 
two types of elements being saturated. One type is sensitive to the 
direction of motion and orientation, but is largely independent of 
contrast; the other type is sensitive to orientation but not motion-
direction. and is more dependent on contrast (Pantle &:.Sekular, 1969). 
The saturation experiments suggest that the human visual system is 
more selectively tuned to line-orientation than to movement-direction 
(Sekular, Rubin &: Cushman, 1968). 
The above experiments suggest that movement information is 
processed separately from other kinds of visual information. But 
movement-processing cannot be oompletely separate. When viewing & 
moving objeot I do not merely see movement and an object; I see a 
moving object. The notion of separate prooessing of movement inform-
ation must never, therefore, be taken to imply a oomplete divoroe 
between movement-processing and other kinds of brain function. Indeed, 
MacKey's (1957a, b) discovery that regular stationary (even retinally 
stabilised) patterns produce a moving "complementary after-image" is 
evidence that there is interaction between movement-processing and . 
the processing of orientation and spatial periodicity. 
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1.2.2. The location of the processes underlying movement perception • 
. It would be very naive to attempt to locate the processes 
under~ing the perception of movement in any particular area or 
areas of the brain, for the whole pathw~ between retina and motor 
mechanisms with all its m~ feedback loops is presum8ble involved. 
Nevertheless it is likely that some areas of the brain contain 
mechanisms that are directly concerned with the coding and prooessing 
of movement information, and it might be possible to looate these 
speoialised mechanisms. In particular, it is very relevant in this 
evoked potential stuqy to consider whether, and in what sense, 
movement-processing is likely to occur in the cortex. 
Cortical lesions can distort or even 8bolish movement 
perception (Werner & Thuma, 1942; Teuber & Dender, 1949), which 
strongly suggests that the cortex does pl~ a signifioant role in 
the perception of movement. 
There is a parallel to this in the results of eleotrical 
stimulation of areas 17, 18 and 19 in epileptics. Whichever area 
was stimulated, ooloured shapes were frequently seen, and more often 
than not they were moving (Penfield & Jasper, 1954; Penfield& 
Rasmussen, 1957). On the other hand, the results of Brindley & 
Lewin (1968) were striking~ different. They found that stimulating 
area 17 produced white phosphenes that were alw~s stationary unless 
the subject, who was blind, moved her eyes. There are soarcely aqy 
data on direot stimulation of the visual system below the cortex, 
but Penfield & Rasmussen (1957) report one case of a patient who saw 
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a moving blue disc when stimulated by an electrode which was probab~ 
in the optic radiation or optio tract. It is not clear, however, 
that the movement-sensation was not due to eye ,movement. In view of 
the contradictions it would seem unwise to regard the stimulation 
experiments as evidence for or against the existence of movement-
processing mechanisms in the visual cortex. 
Ablation studies are a standard method for localising visual 
function, but it is often difficult to interpret these unambiguously 
as there are important fibre connections between cortex and colliculi, 
with complicated interaction between the two (Wickelgren & Sterling, 
1969; McIlwain & Fields, 1970). Moreover, Sprague (1966) found that 
unilateral removal of the entire occipito-temporal neocortex in oat 
produced total contralateral hemianopia, as judged by the animal's 
visu~ guided behaviour; but removal of the superior colliculus 
contralateral to the cortical lesion restored vision. Also, many of 
the ablation studies have been performed on lower mammals, in which 
the cortex pl8J's a lesser role than in man. 
The experiments of Hamilton & Lund (1970) avoided the 
oomplications mentioned above, and used monkeys so that the results 
are probably applicable to man. They found that monkeys with sectioned 
optio chiasm and corpus oallosum were incapable of interocular transfer 
of discriminations based on direction of movement. Control monkeys, 
with only the optio chiasm ,ut, did show transfer to the untrained eye. 
Hamilton & Lund conclude that discrimination of movement is a funotion 
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strong~ dependent on the cortex. Complementar,y to this finding is 
that of Anderson & Symmes (1969) that the ability of monkeys to detect 
movement is not affeoted by collicular lesions, although such lesions 
do produce a largely temporary impairment of the ability to disorim-
inate rate of movement. 
These findings emphasize the importance of the cortex for 
movement perception, but it must be added that monkeys deprived 
of striate cortex can detect and reach for moving objects much 
better than they can for stationary ones. They oannot, however, 
track moving objects, although they can fixate (Humphrey & Weiskrantz, 
. 
1967). to The residual vision in the de-strate monkeys is probably 
mediated via the collicular pathwq, for, in monkey, area 17 probab~ 
reoeives the entire genicula-cortical projection (Cowey, 1964; Cragg, 
1969). 
Many authors have tried to locate the movement detectors 
whose saturation, one would assume, oauses the MAE. The faot that 
the effect can undergo interocular transfer has often been thought 
to imp~ a central origin, but Wohlgemuth (1911) pointed out that 
this does not necessari~ follow, "for, as there is an after-effect 
in the subjective field of the closed eye, the contents of this 
probab~ fuse with the open eye". (p.28.) Barlow & Brindley (1963) 
therefore tried the effect of pressure-blinding the stimulated eye 
and found interocular transfer still took place, 1mp~ing that the 
effect is not retinal. The matter is open to some debate, however 
(Pickersgill, 1963; Pickersgill& Jeeves, 1964; Scott & Wood, 1966). 
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Other evidence suggests that there m~ be both central 
and peripheral components to the ,MAE. If the two eyes are stimulated 
with opposite movements, there is no MAE if both eyes are kept open 
during the test period; but if one eye is shut there is an MAE approp-
riate to the stimulation of the open eye (Wohlgemuth, 1911; Anstis & 
Moulden, 1970). Anstis & Moulden conclude that 'this MAE must be 
retinal, or at MY rate peripheral to the point of binocular fusion'. 
On the other hand, dichoptically produced movement causes an MAE 
when monocular viewing of the stimulus gives no sensation of movement 
(Papert, 1964; Anstis & Moulden, 1970). The investigators concluded 
that this effect must be central to the point of binocular fusion. 
The above experiments are certain~ suggestive of the con-
clusions whioh the authors claim; but they apparent~ make the tacit 
assumptions that there is a clearly definable stage of binocular 
fusion at whioh all distinctions between monooular inputs are discarded, 
and that processing is serial with no feedback between levels. Al.most 
certainly neither assumption is true, for cortical and colllculer 
cells are often unequally influenced by the two eyes (Hubel & Wiesel, 
1962; Sterling & Wickelgren, 1969); and there is evidence of feedback 
between different levels in cortex (Creutzfeldt & Ito, 1968) and 
midbrain (Lorente do No, 1938). 
None of the experiments on the MAE mentioned above provides 
evidence on the relative importance of the retina-cortical and retino-
collicular pathw~s in producing the MAE. But Richards (1971) found 
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that spirals of about 3° in diameter were most effective for producing 
the spiral after-effect, suggesting that the receptive fields for 
motion-detection were typica1~ of that size. Ey analogy with single 
unit data from animals he argued that such large receptive fields 
were located in the superior colliculi. Also, Richards & Smith 
(1969) argue against the cortex as the site of the ~~, because an 
MAE generated in a small part of the visual field, does not change 
size with eye convergence, whereas a scotoma due to a cortical lesion 
does. They suggest the midbrain as an alternative site. It would 
be wise, however, to regard this evidence cautiously until more is 
known about the mechanisms of change of apparent size during con-
vergence. Moreover, a cortical role in the MAE is implied by the 
discovery (Dixon & Jeeves, 1970) that interocular transfer of the 
MAE is greatly reduced in acallosal subjects. 
In summary, it would seem ver,y likely that, in man, the 
visual cortex pl~s an important role in the perception of motion; 
but there is evidence that the superior colliculus is involved too. 
1.2.3. The importance of reference contours. 
All real movement is relative, and the perception of such 
movement requires a decision as to which objeot is the stationary 
reference and which is actually moving. The careful work of Duncker 
(1938) indicates that we tend to regard the largest objects as 
stationary. For example, a spot viewed on a screen appears to move 
it the screen is moved while the spot is in fact stationary. Also, 
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Gibson (1966) and MacK~ (in press) have argued that the visual 
system probably works on the null hypothesis that rigid motions of 
the whole visual field are caused by movements of the subject, 
whereas movements of small objects relative to the rest of the visual 
field are caused by movements of the object. There is pqysiological 
evidence that the same distinction is used even by the low~ cricket 
(Palka, 1969). 
This should be borne in mind when interpreting evoked 
potentials to rigid movement of a complex visual field, as reported 
initially by MacK~ & Rietveld (1968) and Rietveld & MacK~ (1969a, b), 
and investigated further in this thesis. Indeed, MacKay & Rietveld 
(1968) did find that VEPs to the onset of motion of a single line 
were enhanced by the addition of a reference line, and depended on 
the relative velooity between two stimulus lines more than on their 
absolute velocities. Single units in cat visual cortex are likewise 
sensitive to the presence of a stationary landmark, and this need 
not be within the receptive field. A landmark can oause either an 
increase or a decrease, in the response to an oscillating light-dark 
edge (Jones, 1970). Also, MoIlwain (1964) has observed interaction 
between remote reoeptive fields of units in cat optic tract. 
The lower threshold for perceived movement is not, however, 
greatly affeoted by the presenoe of a reference line if the moving 
target is only brief~ exposed (125 msecs), but, for exposure durations 
of several seoonds, a reference line reduces the threshold velocity 
(Leibowitz, 1955b). This is speculatively interpreted as evidence 
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that at longer exposure durations motion is inferred indirectly from 
position (see section 1.2.1.). 
1.3. Single unit responses to the motion of a visual stimulus. 
If pqysiological sense is to be made of human scalp-recorded 
evoked potential studies, they must be understood in relation to the 
underlying neural events; and studies on single units in the brains 
of lower animals provide some of the most important data on these 
events, notwithstanding the important differences between species. 
It is not possible, in the present state of knowledge, to directly 
relate evoked potentials to single unit activity (sub-section 1.1.4); 
but, even 50, single unit studies provide essential clues to possible 
principles of the coding and processing of information in the brain, 
and suggest stimuli which are likely to be fruitful in evoked potential 
experiments. In addition, certain quantitative data (e.g. optimal 
stimulus velocity, average receptive field size etc.) are likely to 
be of some relevance to human evoked potentials (especially if the 
single unit data are from monkey - there Q.re scarcely any from man). 
For these reasons, single unit studies relating to the 
processing of movement information are of major relevance to this 
thesis, and will be discussed in some detail. 
Movement-sensitive cells are normally selectively sensitive 
to one particular direction of stimulus motion, called the "preferred" 
direction. If a cell responds vigorously to motion in the preferred 
direction, but gives little or no response in the reverse/ (null) 
direction it is termed" direction-selective". 
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Direction-selective cells are widespread throughout the visual 
systems of maD3' animals. They have been reported even as low as the 
retina in such animals as pigeon (Maturana & Frenk, 1963); goldfish 
(Jacobson & Gaze, 1964); frog (Lettim et al., 1959); and rabbit (Barlow 
& Hill, 1963a, b). But in animals with pronounced binocular vision, 
such as cat and monkey, direction-selective cells are rare in retina and 
lateral geniculate nucleus (LGN) (Hubel & Wiesel, 1960a, b), although 
numerous in cortex and superior colliculus (Hubel& Wiesel, 1962, 1965, 
1968; Sterling & Wickelgren, 1969). 
In this summary, the single unit pl'\Ysiology of vhion w111 
be reviewed for rabbit, cat, monkey and man, with special reference to 
movement-sensitivity. Greater attention will be paid to data trom 
monkey and cat than to data from rabbit, as the visual systems of the 
former animals are more similar to the human visual system. Alao, 
emphasis will be laid on cortioal data, for it m~ be assumed that 
human scalp-recorded VEPs are generated main13 in the cortex (sub-
section 1.1.4). 
1.3.1. Rabbit. 
Right at the outset of this disoussion of rabbit neurophysiology 
it is important to clarify what relevance it has to ~ brain processing. 
Certainly rabbit brains are Tery different from human brains, but, 
because of the greater simplicity of the rabbit visual system, it haa 
been possible to elucidate a number of key prinoiples concerned with 
movement-vision in rabbit, whioh m~ be applicable also in man; and 
maqy of these principles have not been apparent from studies on higher 
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mammals. 
Rabbit retina.. 
Direction-selective units were first recorded in rabbit retina 
by Barlow &: Hill (1963a), who found that reversing the stimulus contrast 
did not affect the preferred direction. In a more recent stuqy involving 
a sample of 762 units, some 25~~ were found to be direction-selective 
(Oyster, 1968). 
Barlow &. Levick (1965) examined the organisation of direction-
selectivity within receptive fields, and this has led them to propose 
a possible mechanism, illustrated in Fig. 1.3.1. A stimulus moving in 
the null direction inhibits each bipolar cell through ~ horizontal cell; 
if the timing is right this will prevent the cell from responding when 
the excitatory input arrives; but for motion in the preferred direction 
the excitatory input arrives well before the inhibiting one, and the 
bipolar cell will respond. This model correctl,y predicts, among other 
things, that the preferred orientation is unaffected by reversing the 
contrast between stimulus and background, and that there is no response 
at all to motion in the null direction. Dowling, Brown &: Major (1966) 
have since provided confirmatory evidence of horizontal oell to bipolar 
cell synapses in electron-microscope studies. 
Now in fact there are two distinct types of direotion-selective 
retinal ganglion cell, giving on and on-off responses respectivel,y to 
localised light flashes (Oyster &: Barlow, 1967; Oyster, 1968). Barlow 
&: Levick's theory applies to the on-off type, whioh is four times as 
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Fig.1.3.1. Barlow & Levick's model for directional-selectivity 
in rabbit retinal ganglion cells. (After Barlow & 
Levick, 1965). 
oommon as the on-type. On-type units are maximal~ seleotive to one 
of on~ three directions of movement, but the on-off type units are 
maximal~ selective to one of four (Fig. 1.3.2). These four direotions 
oorrespond to the directions of image motion produced by oontraction 
of the four rectus eye muscles. This led Barlow & Oyster (1967) to 
suggest that the on-off type units were involved in the reflex control 
of eye movements, and might provide error signals to a visual servo 
system for minimising retinal image motion. 
Also suggestive was the ear~ finding that prolonged stimu-
lation of oells in the preferred direction was followed by a period 
of suppressed spontaneous aoti vity, for this mB3' be a pl':\Ysiological 
oorrelate of the waterfall effect (Barlow & Hill, 1963b). 
Rabbit lateral geniculate nucleus and oortex. 
The retina-I.GN-oortex pathwa.Y is by far the most important 
visual pathwS3' in primates, and even in rabbit it is very important. 
Direction-selective units were first recorded in rabbit LGN by Arden, 
1963; but probab~ the most interested finding was that of Levick et ale 
(1969), who reported that LeN neurones signalled movement direction more 
preoise~ than did their retinal oounterparts. They presented evidence 
suggesting that this arose from the interaction of inputs from at least 
two retinal cells, one excitatory, the other inhibitory, whose preferred 
directions were 1800 apart. One must interpret these results cautious~, 
however, for the effect of anaesthetio ~~ rabbit LGN units has been shown 
to be very important. stewart et ale (1971) reported that 1~~ of units 
37 
In,.,lor 
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b) Preferred directions of 23 'on' type direction-selective 
units. 
Fig.1.3.2. tAfter Oyster & Barlow,1967). 
showed direction-selectivity in rabbit anaesthetised with nitrous 
oxide, but only 31~ in awake, paralysed rabbit. 
It appears that there is a great variety of cell types in 
rabbit visual cortex (Arden et al., 1967). SOIDe respond also to non-
visual stimuli. Man,y are direction-selective, but this property is not 
alw~8 constant throughout the receptive field. SOIDe field sizes are 
very large (as muoh as 75 0), a property also found in the superior 
colliculus. 
Rabbit superior colliculus. 
Little work has been done on the superior collioulus in the 
rabbit; but Hill (1966) identified several types of neurone, inoluding 
direction-selective cells with very large receptive fields, up to about 
25 0 in diameter, which is much larger than in the retina. Hill suggests 
that many retinal oells must converge on each of these large-field cells 
in the collioulus. 
An alternative explanation would be that the large receptive 
fields are mediated via the oortico-collicular pathways, and this 
explanation has been advanced in the case of cat by Wiokelgren& 
Sterling (1969). However, Masland et ale (1971) found no change in 
rabbit superior colliculus receptive field resulting from cortical 
lesions. 
1.3.2. Cat. 
Cat retina and lateral geniculate nucleus (LGN) 
In the cat, as in other animals with binocular vision, there 
is little evidenoe of direction-selective units in the primary visual 
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pathway below the cortex. Most cells in the retina and LGN have a 
circular concentric centre-surround organisation (Kuffler, 1953; Hubel 
& Wiesel, 1960a, 1961). Nevertheless, Stone & Fabian (1966) and 
Spinelli & Weingarten (1966) have reported a very few direction-selective 
units in cat retina, and Kozak et al. (1965) report five more in the 
LGN, comprising about 4% of their sample. On the other hand, Hubel 
& Wiesel (1960, 1961) did not find any direction-selective units in 
cat optic tract or LeN, and Hubel (1963) points out the danger of 
confusion arising through recording from fibres just dorsal to the LGN 
instead of from the LGN itself, since some of these fibres may be 
corticofugal. 
Cat thalamic nuclei other than LGN 
There are few relevant data from these nuclei, but Kingston, 
Vadas & Bishop (1969) studied single units in various areas of the cat 
mesencephalon, and found that mans of the units in the pulvinar and 
the lateral-posterior nucleus of the thalamus were direction-selective. 
Cat visual cortex. 
Hubel & Wiesel (1965) have shown that visual areas I and II, 
initially mapped out physiologically by Talbot & Marshall (1941) and 
Talbot (1942) respectively, are coextensive with anatomical areas 17 
and 18 (Otsuka &; Hassler, 1962). They have also identified a new area, 
visual III, that is coextensive with anatomical area 19. 
Direction-selective cells have been found in all these areas, 
and also other parts of the visual cortex which will be described at 
the end of this a.-ection. 
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Area 17 (The Striate Cortex) 
Direction-selective units are universal~ reported in striate 
cortex (e.g. Hubel, 1959; Hubel & Wiesel, 1959, 1962; Baumgartner et al., 
1964; Campbell et al., 1968; Creutzfeldt & Ito, 1968; Pettigrew et al., 
1968) • 
Hubel & Wiesel (1962, 1965) have identified a hierarchical 
organisation in the cat retino-cortical system: centre-surround cells 
in the retina converge on a second kind of centre-surround cell in the 
LGN, which is less sensitive to brightness and correspondinglY more 
specific to contrast. Probably each geniculate on-centre cell receives 
its main excitatory input from one on-centre optic tract fibre and its 
inhibitory surround from several off-centre fibres (Singer & Creutzfeldt, 
1971). These, in turn, converge on 'simple cortical cells' with rect-
angular receptive fields (Fig. 1.3.3). The receptive field regions are 
probably compounded by inputs from geniculate cell field-centres (Henunond, 
1971) • 
The simple cells probably synapse onto complex cells (Denney, 
Baumgartner & Adornaji, 1968), which in turn probab~ synapse onto 
lower order hypercomplex, then higher order hypercomplex. These findings 
are very well known, and will only be discussed in detail insofar as 
they relate to the processing of movement information. 
Simple, complex and hyperoomplex cells are all found in 
striate cortex, but only complex and hypercomplex cella are known to 
exist in extrastriate (Hubel& Wiesel, 1962, 1965, 1968). All these 
types of cell are orientation-selective. 
_. Common arrangements of lateral gcniculate and cortical re-
ceptive fields. (A) "On"-centre geniculate receptive ficld. (B) "OW'· 
centre geniculate receptive field. (C-G) Various arrangements of simple 
cortical receptive fields. X, areas giving excitatory responses ("on" re-
sponses); 1'::., areas giving inhibitory responses ("olf" responses). Re-
ceptive-field axes are shown by continuous lines through field centres; 
in the figure these are all oblique, but each arrangement occurs in all 
orientations. 
tAfter Hubel & Wiesel, 1962). 
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There is a columnar organisation in the visual cortex; cells 
of the same eye preference tend to be clustered in columns perpendicular 
to the cortical surface, and cells responding to a common orientation 
form a second kind of column. The two systems seem to be independent 
(Hubel & Wiesel, 1962). Yet another system involves columns of binocular 
cells responding to a common depth (Blakemore, 1970). These results 
have interesting correlations in the histological findings of Colonnier 
(1964) • 
Hubel & Wiesel, (1962) found that a moving stimulus was very 
potent, "probably because of the synergistic effect! of leaving an 
inhibiting area and simultaneously entering an excitatory area". About 
half the cells respond when the movement is in one specific direction 
(direction-selective), but they believe this "could usually be accounted 
for by an asymmetry in flanking regions". Pettigrew et ale (1968) deny 
this, however; they are emphatic that the direction-selectivity cannot 
be explained in that way, although they do not discuss what the 
mechanism is. 
Creutzfeldt & Ito (1968) have attempted en analysis of the 
functional synaptic organisation of' striate cortex neurones using 
intracellular or quasi-intracellular recording. They have studied 
spike activity and PSP' 13 simultaneously.. They find that in most 
movement-sensitive cells, only one part of the receptive field responds 
to movement and this is usually an off-excitation area. They also 
provide evidence that there are non-primary fibres converging on the 
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cortical cells in addition to the primary fibres from the LGN. and 
they have identified long-latency inhibitory synapses which may be 
involved in velocity-processing. Nevertheless. they do not propose 
any general model of direction-selectivity comparable to that of Barlow 
& Levick (1965) in the rabbit. 
The most systematic data on the optimal speed for moving 
stimuli was provided by Pettigrew et ale (1968), (Fig. 1.3.4 and 
Table 1.3.1) but, as they point out, the criterion for optimal speed 
must be careful~ defined. Judged subjective~ by ear, the optimal 
velocity for most units was less than 6°/sec; but if the peak rate of 
firing was taken as criterion, the optimal speed was very much greater. 
This ambiguity must not be forgotten in ~ comparison between optimal 
speeds for evoked slow potential responses and single unit responses. 
o The receptive fields of simple cells at 1-4 from the centre 
of vision were normally between 1/2 0 x 1/20 and 40 x 4°, while complex 
and hypercomplex receptive fields were typically about twice that size. 
(Hubal & Wiesel, 1968.) Field sizes tended to increase with distance 
from the centre of vision (Hubel & Wiesel, 1962). and with stimulus 
velocity (Pettigrew et al., 1968). 
In most single unit experiments the animal is anaesthetised, 
but similar results have been obtained in unanaesthetised, unperalysed 
preparations by Hubel (1959) and Noda et ale (1971), who both found 
that stimulus motion was a particularly important parameter. But Noda 
et ale reported that there were two main classes of units: direction-
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Table 1. Distribution of response types a/single cortical units based on re.'ponse tWo time lti .• tograms 
generated by repetiti~'e movement 0/ specifically.orientated slit stimuli 
Response Typ~ 
Simple 
1. Unimodal. • . • . • 
Directionally selective 
Asymmetrical . 
Symml'tricai. . . • . 
2. Bimodal . . . . •. . 
Modes separated by < 3" . 
Modes separated hy > 3° . 
3. Centrul inhihitory . . 
Complex . •...••.• 
Dircctionlllly sell,ctin, 
Asymmctrieul 
All units .• 
No.orunlta 
26 
18 
4 
10 
6 
2 
17 
16 
99 
Menn r.r. !olean opt illl,,1 
cnre 811.£' stimulus ''(If'etl 
1.5° 2,O·'stte 
3.1 ° 10.1°/sec 
6.1" 5.6°/s('c 
4.0o/ijl'C 
Table 1.3.1. lAfter Pettigrew, Nikara & Bishop, 1968). 
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selective neurones responding optimally to moving stimuli constituted 
one class, but neurones in the other class responded optimally to a 
correctly oriented stationary grating. The stationary grating produced 
in these units a maintained discharge, a phenomenon not found with 
stationary stimuli in anaesthetized cats (Hubel & Wiesel, 1962). Eye 
movements m~ be responsible for the difference. These results of 
Noda et ale closely parallel those of Wurtz (1969a) in unanaesthetized, 
unparalysed monkey. Noda et ale interpreted thelll as evidence that the 
visual system has different channels for the perception of stationary 
and of moving objects. 
Areas 18 and 19 (the pre-striate cortex) 
The most obviously important pqysiological difference between 
the striate cortex and the pre-striate cortex lies in the proportions 
of simple, complex and hypercomplex cells. Simple cells predominate 
in area 17 (striate), complex cells in area 18, and qypercomplex cells 
in area 19. Complex and qypercomplex cells have been reported in all 
three areas; but simple cells are apparently restricted to area 17 
(Huhel& Wiesel, 1965, 1968). 
Hubel & Wiesel (1965) provide little data on optimal speed 
of movement, but merely state that in complex cells the most effective 
speed was normally between 0.1 0/seo and 200/sec. They do not define 
their criterion precisely, but state: "The rate of movement was usually 
an important variable, since the cell' 15 firing frequency tended to fall 
off sharply if the rate wa15 less or greater than some optimum". 
The Clare-Bishop area 
An additional visual area was identified in a strip occupying 
the lower half of the medial wall of the suprasylvian gyrus by Clare 
& Bishop (1954) using evoked potentials. Anatomical studies have 
demonstrated projections to this area from LGN and from areas 17, 18 
and 19 on both sides. The evidence is summarised by Hubel & Wiesel 
(1969). 
Receptive fields of cells in this area are mostly similar 
to the complex and hypercomplex cells of areas 17, 18 and 19, but the 
receptive fields are larger and proportionately more cells are direction-
selective (Hubel & Wiesel, 1969; Wright, 1969), so this area m~ well 
pl~ an important role in the processing of movement information. 
Anterior portion of middle 8uprasylvian gyrus 
In this area also, direction-selective cells are found. It 
lies olose to the Clare-Bishop area, but is anatomical~ distinct from 
it, and the receptive fields are reported to be similar to those in the 
superior colliculus (Dow & Dubner, 1969, 1971). 
Cat superior colliculus 
The superior oolliculus of the oat has been studied extensively. 
It is known to receive retinotopic projections from areas 17, 18 and 19 
(H~ashi, 1969; McIlwain & Fields, 1970) as well as an input direct from 
the retina. It is generally considered that its main function is in the 
mediation of eye movements and visually guided behaviour (Schneider, 1969; 
Sterling & Wiokelgren, 1969). 
About three quarters of the units encountered in the superior 
colliculus are direction-seleotive, and few respond well to a stationary 
stimulus. The direction-selectivity of the cells cannot be explained 
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purely in terms of asymmetry in the receptive fields, because reversing 
the contrast of the stimulus does not change the preferred direction. 
The most usual optimal velocity is about 100/seo. (Straschill& Taghavy, 
1967; Sterling & Wickelgren, 1969.) A high proportion of direction-
selective cells respond optimal~ to horizontal movement towards the 
periphery of the visual field (Sterling & Wickelgren, 1969). 
Sterling & Wickelgren (1969) point out that collicular cells 
are dmUar in many ways to cortical hypercomplex cells (Hubel & Wiesel, 
1965) for both kinds of receptive field consist of an activating region 
from which responses can be obtained, and flanking antagonistic regions 
which suppress the response if the stimulus is too long. Moreover both 
types of cell m~ be binocular~ driven, are direction-selective, and 
respond to a stimulus aqywhere in the receptive field. However, oollicular 
cells are less specific for direction, and are less sensitive to stimulus 
size and shape. 
In the primary visual pathway there appears to be a hier-
archical organisation, with several stages between the retinal cells 
end the hypercomplex oells (Hubel& Wiesel, 1965), but there seem to be 
no stages between the retinal cells end the oollicular cells. (Sterling 
& Wickelgren, 1969). In view of this, it might be expected that the 
oomplexity of collicular oell responses is large~ mediated via the 
cortioo-collioular pathw~ (Wickelgren& Sterling, 1969); and these 
authors found that ablation or cooling of the areas 17, 18 and 19 destroyed 
the direction-selectivity of oollicular cells and enabled them to respond 
with a sustained discharge to stationary stimuli. On the other hand, 
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no such effect was noted by Marchiafava & Pepeu (1966), or Hoffmann & 
Straschill (1971), whose results 'iere comparable with those of Masland, 
Chow & Stewart (1971) in rabbit. 
1.3.3. Monkey. 
Direction-selective units have not been recorded in the retina 
or LGN of monkeys (Hubel & Wiesel, 1960b; De Valeis, Abramov & Jacobs, 
1966; Wiesel & Hubel, 1966), but they have been reported in the cortex 
(Hubel & Wiesel, 1968, 1970; Gross et al., 1969; Wurtz, 1968, 1969a, b, c) 
and the superior colliculi (Humphrey, 1968). 
Monkey striate cortex. 
Cell properties in monkey striate cortex are similar to those 
in the same area of the cat, but the proportion of simple cells is less 
(Hubel& Wiesel, 1968). They found about 9.% simple cells, 65% oomplex 
cells, 2q% lower order hYpercomplex and ~~ conc94tric-surround-type 
(sample of 272 cells); but they were not certain that the latter categor.y 
did not oz:oiginate from LGN fibres. The 9;~ figure for simple oells is 
almost certainly an underestimate, as these cells are apparently very 
small, and electrode penetrations sometimes stopped before reaching the 
cortical l~ers where simple cells predominate. Receptive fields are 
smaller in monkey than in cat; between 1/40 x 1/40 and 1/20 x 3/40 for 
simple cells, and about twice as large in eaoh direction for complex 
and hYpercomplex cells. 
About half the cells are direotion-selective, as in the oat, 
and in both animals Hubel& Wiesel (1962,1968) asoribe this property 
to receptive field asymmetry. Nevertheless, it has alrea~ been 
mentioned that this is contested by Pettigrew et al. (1968) for oat, 
and in monkey it is contested by Wurtz (1969a). 
Hubel& Wiesel's experiments were carried out under light 
anaesthesia, whereas Wurtz (1969a) used unanaesthetised monkeys that 
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had been trained to fixate. The results were in m~ respects similar 
but in the unanaesthetised preparation there were two main categories of 
unit; one class gave a maintained discharge to a stationary stimulus, 
whilst the other responded best to a moving one (Wurtz, 1969a). 
Wurtz (1969c) also found that image movement in one direction 
and eye movement in the opposite direction alwa.Ys produced identical 
responses. Some units responded best to velocities below 200/sec and 
not at all to higher velocities, but others were responsive to velocities 
as high as 9000/sec, comparable with the velocity of saccades. Some 
gave an excitatory response at low velocities, but an inhibitory response 
at high velocities. 
The functional architecture of monkey striate oortex does not 
appear to differ greatly from oat. Orientation columns and eye preference 
columns have been reported in both by Hubel &: Wiesel (1962, 1968), who 
have also demonstrated eye preference columns in monkey anatomioal~ 
using the Nauta method (Hubel & Wiesel 1969b). 
Monkey extrastriate cortex. 
The only report of direction-selective cells in monkey visual 
cortex outside area 17 is a paper by Hubel & Wiesel (1970) whioh is 
primari~ ooncerned with binocular cells sensitive to depth. They have 
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identified depth-selective columns reported by Blakemore (1970) in cat. 
About half the cells in monkey area 18 were depth-selective 
and could not be strongly activated monocularly. 'l'he rest were complex 
and ~percomplex similar to those in area 17. 
Monkey inferotemporal cortex. 
Neurones in monkey inferotemporal cortex have visual receptive 
fields, which are usually very large and almost always inolude the 
fovea (Grol3s at al., 1969). About half of these units respond prefer-
entially to a particular direction of stimulus-movement, but in some 
binocular units the direction is different for each eye. The mean 
latency of optimal activity of these units is very large (198 msecs). 
Monkey superior colliculus. 
The superior colliculus of monkey has been neglected by 
neurophysiologists, but Humphrey (1968) recorded sinele units which 
differed from collicular units in cat and rabbit. In partioular, the 
monkey units were not at all specific to direction of movement, although 
they did respond better to moving stimuli than stationary ones. Receptive 
fields varied in size from about 20 to 900 • The smaller fields were 
round, but the largest areas approximated to quadrants of the visual 
field. The lack of direction-selectivity is very striking, suggesting 
that in monkey the retino-collicular pe.thw~ m~ not be important for 
movement vision. Ablation of monkey superior colliculus does not impair 
movement-detection, but it does cause a deterioration in movement rate-
discrimination (Anderson & Symmes, 1969), as mentioned in the previous 
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section. 
1.3.4. Man. 
Inevitably there are only limited data from single units in 
the human visual syste,n, but Weinstein, Hobson & Baker (1971) have 
recorded single units from an isolated human retina that have similar 
properties to monkey retinal single units. This very tentatively 
suggests that there is no velocity processing at the retinal level in 
man. Marg, Adams & Rutkin (1968) have studied a small number of single 
units in the occipital cortex of awake humans, and here they do find 
direction-selective units. There is no obvious difference between their 
findings and those of Wurtz (1969a) in awake monkey, so extrapolation 
from monkey data to man is not without justification. 
1.3.5. Implications. 
From the above review, it is clear that direotion-selective 
neurones are very widespread throughout the mammalian visual system. 
It would seem unlikely that all such neurones should be concerned with 
the perception of movement, and it m~ well be that maQY direction-
selective units are involved in processes correlating with the perception 
of fixated stationary objects. For it is well known that a stationary 
retinal image soon fades (Ditchburn& Ginsborg, 1952), and reoent evidence 
suggests that continuous movement of the retinal image, rather than a 
series of instantaneous jerks, is required to maintain vision (Gerrits & 
Vendrik, 1970). But the neurones involved here would probably correspond 
to those in oortex of awake unparalysed cat and monkey, whioh give a 
52 
continuous discharge to a stationary stimulus; and there remains a 
separate class of neurones, which are highly direction-seleotive and 
do not respond well to a stationary stimulus even in awake, unparalysed 
preparations (Wurtz, 1969a, Noda et al., 1971). 
The latter neurones m~ pl~ a number of different roles. 
They m~ be involved in the perception of movement. Or they m~ be 
involved in the feedbaok loop for fixation, as suggested by Hubel (1959), 
or for tracking. Indeed, Qyster (1968) has argued compelling~ in favour 
of such a feedback role for the retinal on-off-type units in rabbit 
retina, and Pettigrew et all (1968) have noted suggestive similarities 
between such cells and simple cells in cat cortex. It should be noted 
in this context that de-striate monkeys can fixate a stationar.y objeot, 
but oannot track a moving one (Humphrey & Weiskrantz, 1967). 
Whatever the funotional roles of direction-selective oortioal 
neurones m~ be, they would seem to be very like~ oontributors to 
motion-reversal VEPa. 
1.~. The inter-relationships between single unit aotivity, VEPs and 
12syohop1\Ysios. 
It has been argued (section 1.0) that muoh of the prospeotive 
value of VEP research is like~ to derive from ita relationship with 
single unit phenomena on the one hand, and with psyohopqysios on the 
other. Few suoh relationships have 80 fer been demonstrated, and none 
for motion-evoked potentials, although the enhanoement by a reference 
line of the VEP to motion-onset reported by MacK~ and Rietveld (1968) 
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m~ have some connection with some of the psycho-ph3sical effects of 
a reference line reviewed in sub-section 1.2.3. 
In this section, the available data concerning the relation-
ships between single unit activity, VEPs and psychoph3s1cs are briefly 
summarized. 
1.4.1. The electrogenesis of VEPs. 
The electroph3siology of single neurones 18 now comparatively 
well understood. This understanding has been achieved mainly 
through intracellular recording from peripheral neurones, especially 
motoneurones in the mammalian spinal cord, but such evidence as there 
is from the central nervous system suggests that central neurones 
function on essentially similar principles. The subject is reviewed 
in standard texts (e.g. Eccles, 1968). 
The question to be dealt with in this sub-section is: what is 
the relationship between the electrical activity of single cortical 
neurones and the cortical evoked potentials? This question is of 
considerable relevance to this thesis, because one would wish to 
understand the relationship between motion-evoked potentials and the 
activity of motion-sensitive single units. But alas, the whole topio 
is extremely complex and not well understood, and it can only be dealt 
with briefly here. The comparatively simple related question as to how 
the cortical evoked potentials relate to scalp activity has been dealt 
with in sub-section 1.1.4. 
It is claimed by Fox & O'Brien (1965) that there 1s a high 
correlation between the probability of firing of a single cell and 
the local evoked potential waveform. This applies for both positive 
and negative components, whether early or late in the evoked response. 
It has been verified for VEPs to flash and for somatio evoked responses. 
Despite suoh findings, however, it remains true that our 
knowledge of the relationship between single unit firing and macro-
potentials at the cortioal surface is very incomplete. Perhaps the 
most olearcut model was presented by Creutzfeldt & Kuhnt (1967), based 
on their stuqy of evoked potentials in sensorimotor cortex of cat to 
electrioal stimulation of the speoifio thalamio projeotion nuoleus. 
Aooording to this model, slow surfaoe potentials refleot the summated 
post-synaptio potentials of "average" oortioal pyramidal oells. Contra 
Amassian et ale (1964), the model does not invoke morphologioal~ 
distinot generators to be responsible for different phases of slow wave 
aotivity. Synohronous depolarisation of oortioal neurones produoes a 
surface negative wave, and polarisation produoes a positive wave; but 
a phase reversal between fast deep aotivity and that at the cortical 
surfaoe can ooour beoause of the relatively slow eleotrotonio spread 
of potentials along dendrites. Creutzfeldt &: Kuhnt (1967) do not. 
favour the hypothesis of transoortioal dipoles to explain the surface 
potentials. 
Very similar oonolusions to those above were previous~ reached 
by John et al~ (1964), who inoluded the visual oortex in their stuqy. 
They stressed the role of the apical dendrites in produoing the evoked 
potentials. Depolarisation and hyperpolarisation were found to produoe 
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respectively negative and positive surface potentials. Depolarised 
deeper l~ers in the cortex, however, acted as sinks to the more 
superficial apical dendrites and thereby produced positive components 
at the surface. 
The above results were all obtained in anaesthetised cats, 
but more recentlY Creutzfeldt et ale (1969) studied the relationship 
between flash VEPs recorded from the surface of the striate cortex and 
the underlYing single unit activity in unanaesthetised paralYsed cat. 
The initial component of the first positive wave (15-30 msec latency) 
oorrelated with the discharge of on-oentre afferent fibres, and the 
main component of this wave (30-50 msec) correlated with the time 
oourse of inhibition of cortioal cells. The succeeding surfaoe-negative 
wave (60-100 msecs) was apparentlY related to the late excitation of 
a high proportion of the cortical cells. It is regrettable that such 
data are not available for pattern-evoked potentials. 
FinallY, it should be added that glial cells apparentlY make 
an import~t contribution to the evoked potentials, since they become 
depolarised when neighbouring neurone! are active (Castellucci & 
Goldring, 1970), and are electricallY coupled to each other by a low 
resistance pathway which causes them to act like a single long oonductor. 
(Kuffler et al., 1966.) 
1.4.2. VEP correlates of psychophYsical phenomena. 
There is not space to review all the investigations which have 
been made into the relationship between VEPs and psychopqysical phenomena. 
Two classes of phenomena have therefore been seleoted: (a) perceptual 
suppression, and (b) the angular and spatial selectivities of the 
visual system to 8patial~ periodio grating patterns. For these 
topics are probab~ the most direct~ relevant to the present thesis, 
partly because they both involve contour-related VEPs. 
(a) Perceptual suppression. 
Evoked potential correlates have been sought for several 
different classes of perceptual suppressions; in particular, saccadic 
suppression, binocular rivalry, and the subjective fading of a stabilized 
image. 
It is well known that the detection thresholds for flash 
brightness and spot displacement are raised if a saccadic eye movement 
occurs within about 50 msecs of the visual stimulus (Ditchburn, 1955; 
Volkmann, 1962; Latour, 1962; Beeler, 1967). Michael & Stark (1967) 
observed that the flash VEP waveform was distorted if a saccade occurred 
at such a time that perception of the flash was suppressed. More 
recently, Duffy & Lombroso (1968) reported that the total energy in 
the flash VEP (they oomputed the time integral of the square of the 
voltage) was reduced if the flash occurred during the interval,relative 
to the saocade, during which suppression occurred. These experiments 
were regarded as providing electropqyaiological evidence in favour of a 
central suppression mechanism for maintaining visual stability or 
preventing retinal blur. Doubt has been cast on such interpretations, 
however, by the more recent discovery (Richards, 1968; MaCK~, 1970) 
that passive eye movements raise the visual threshold to about the same 
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extent as do active eye movements, and over approximately the same 
temporal range relative to the test stimulus. As MacKa...v (1970) pointed 
out, it is like~ that the threshold elevation is caused by the disturb-
ance of the visual system resulting from the sudden displacement of the 
retinal image, and it is questionable whether the existing evidence 
requires any further mechanism of suppression to be invoked. 
Gross et ale (1968) found that the VEP to reversal of the 
contrast of a barred pattern at the moment of onset of a saccade was 
almost identical to the VEP to the sacoade alone with no alternation 
of the bar pattern. They subtracted one VEP from the other to eliminate 
the effects of eye movements, and interpreted the resulting near-zero 
response as evidence for a central suppression mechanism specifio to 
oontours. But this involved the assumption that the eye movement 
response and the pattern-alternation response were independent, and it 
is very unlike~ that this was so. Indeed, it is well known that VEPs 
to pattern-alternation and to movement of the eyes over the pattern 
yield very similar responses (Lesevre & Remond, 1970) suggesting that 
the same mechanisms are large~ responsible tor both. It would therefore 
seem more reasonable to interpret the similarity between the VEPs to 
saccades with and without pattern-alternation as an indioation that both 
VEPs are caused almost entirely by the displacement of the retinal image, 
for this will be similar in each case. On this view, the data of Gross 
et ale (1968) constitute evidence against, rather than for, a central 
suppression mechanism. This latter interpretation agrees well with 
MacK~'s (1970) explanation of the psychophYsical data of threshold 
elevation. 
Several investigations have been made as to '/bether the 
phenomenon of binocular rivalry is accompanied by corresponding oha.nges 
in VEP. Investigations using unstructured fields have usual~ produced 
only slight differences in VEP between the dominant and non-dominant 
phases of the stimulated eye (van Balen, 1964; Cobb et al., 1967a). 
Lansing (1964) found more substantial differences in the amount of EEG 
activity in a narrow frequency band centred on the stimulus frequency, 
but this was very near the alpha frequency and there is evidence that 
the differences were caused by changes in the background EEG, not in 
the VEP (Cobb et al., 1967a). Donchin& Cohen (1970) did find clear 
evidence of suppression, however, using as stimulus a flash viewed 
through a small, square aperture. They attributed their unusual result 
to changes in attention to the flash rather than direct~ to rivalry. 
It is possible, however, that the differences in the VEP between dominant 
wld non-dominant phases were directly due to rivalry, for the VEP to 
small square flash m~ have included a relative~ large oontour-related 
compouent, and contour-related VEPs do seem to correlate with rivalry. 
Such oorrelations were first reported by Cobb at ale (1967b) andMaCK~ 
(1968b), who found that contour-related VEPs were almost totally suppressed 
during the non-dominant phases of the stimulated eye. Such results 
cannot be caused by changes in accommodation, for van der Tweel at e.1. 
(1971) found that rivalry over part of the visual field affected the 
VEP the same as if just that part of the field had been occluded. Contrary 
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to the above results, Riggs & Whittle (1967) found that the VEPs to 
an alternating barred pattern and to a flashed barred pattern did not 
significantly depend on the phases of binocular rivalry. But,as Regan 
(1971) has argued, the frequency of alternation of the pattern in these 
experiments was about 25 HZ, at which frequency the contour-related VEP 
components are very small (Spekreijse, 1966; M~ et al., 1971). but 
brightness-related VEPs m~ be large (Regan, 1968). Flash-stimulation 
with the barred pattern was carried out at a lov;er frequency (9 • .5 HZ), 
but the method of stimulation was inherent~ like~ to introduce con-
siderable brightness-related artifacts. Thus it is possible that the 
discrepancy between the results of Riggs & Whittle and those of other 
workers is due to the predominance of brightness-related, instead of 
contour-related, components in the VEPs studied by Riggs & Whittle. 
A number of experiments have also been oarried out to in.vest-
igate whether there is aQY VEP oorrelate of the fading phenomenon which 
is known to occur under conditions of stabilized image (Ditchburn& 
Ginsborg, 1952). Lehmann et ale (1967) and Riggs & Whittle (1967) 
presented both a continuously illuminated stabilized target and also 
flashes of light to the same eye, and found that the VEPs to the flashes 
were the same during periods of fading and during periods of normal 
vision. The fact that the VEP was not suppressed during fade-out m~ 
be connected with the similar lack of suppression of brightness-related 
VEPs under conditions of monocular rivalry (see above). Riggs &. Vibittle 
(1967) dld, however, also use a retinal~ stabilized alternating pattern, 
. with no VEP suppression, but it has been argued (above) that the 
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frequency of stimulation (c 25 HZ) was too high for the production of 
true pattern-evoked potentials. 
Although there are no reports of VEP suppression during the 
period of fading of a stabilized image, it has been found that there is 
a high correlation between the occurrence of alpha rhythm and subjective 
fading (Lehmann et al., 1965). 
(b) The angular and spatial selectivities of the visual system to 
spatially periodic grating patterns. 
Psychophysical experiments have shown that the contrast 
thresholds for the detection of gratings whose luminance profiles are 
rectangular or sawtooth waves can be predicted from the contrast 
thresholds for sinusoidal gratings by means of Fourier theory (Campbell 
& Robson, 1968). The contrast thresholds for aperiodic patterns can be 
predicted on the same basis (Campbell et al., 1969b). These results can 
be explained by the existence within the human visual system of linear~ 
operating independent mechanisms selective~ sensitive to limited ranges 
of spatial frequency (Ca~pbell & Robson, 1968). 
Much earlier, MacK$Y (1957a) suggested the existenoe in man 
of channels sensitive to orientation, on the basis of the orthogonal 
moving after-images produced by regular stationary patterns; and Sekular 
(1965) came to a similar conclusion on the grounds of visual masking 
experiments. 
Thus, there is evidence for channels tuned both to spatial 
frequency and to orientation. Such an interpretation is supported by 
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the finding that an observer's grating acuity is lowered by adaptation 
to a grating of identical orientation and bar width, but higher contrast 
(Blakemore & Campbell, 1969a). For the effect is decreased if either 
the orientation or the spatial period is altered relative to the adapt-
ation grating (Pantle & Sekular, 1968b, Blakemore & Campbell, 1969a, b). 
Now there are, in fact, neurones in the central nervous 
system of the cat which are selective~ sensitive to both the orient-
ation and the spatial frequency of a grating stimulus ( Campbell et al., 
1968, 1969a). But there are at least two difficulties in relating 
human psychopqysical phenomena to cat single unit data. Firstly, it is 
by no means certain that the visual systems of oat and man are suffic-
ient~ similar to justify such conclusions; and second~, psychopqysical 
threshold data cannot be direct~ compared with single unit data 
recorded at supra-threshold levels. These difficulties led Blakemore 
& Campbell (1969a) and Campbell & Maffei (1970) to use VEPs as a linking 
technique. 
Blakemore & Campbell (1969a) found that the previous~­
mentioned adaptation phenomenon, whereby the contrast threshold for 
detection of a low contrast grating was raised by previous inspection 
of a similar grating of high contrast, was mirrored in the VEP to 
alternation of the grating pattern. For the VEP was virtual~ abolished 
under the conditions for which the contrast level was roughly at 
threshold. 
Campbell & Maffei (1970) recorded VEPs to the alternation, 
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at 8 Hz, of a sinusoidal grating. The relationship between the log. 
of contrast and the VEP amplitude was linear, and extrapolation to 
zero VEP amplitude accurate~ predicted the psychophYsical contrast 
threshold, over a wide range of spatial frequenoies. This result 
supports the validity of comparing the supra-threshold data from single 
units with the threshold data of psychopqysios. It was also found that 
the slope of the regression line was remarkab~ constant. This could 
only be increased by simultaneously stimulating with more than one 
spatial frequency or orientation. The suggested explanation was that 
the magnitude of the VEP was related to the number of orientation-
selective and spatial-frequency-selective channels activated. 
One surprising characteristic of the VEPs recorded by Campbell 
&: Maffei (1970) is that they did not depend on the area of retina 
stimulated. They state that there was no difference between the upper 
and lower half-field responses. This contrasts with the reports ot 
polarity reversal between the VEPs to the upper and lower half-fields 
by Halliday &: Michael (1970) who used checkerboard alternation and 
Jeffreys (1969) who used pattern-appearance. Even flash VEPs are 
sensitive to retinal area (Rietveld at al., 1965). Campbell &: Maffei 
observed that the lack of independence of their VEPs on retinal locus 
was surprising in view of the striot topographical projection between 
retina end striate cortex observed by (e.g.) Cowey (1964). They 8uggested 
that the anomaly might be explained if the alternating grating stimulus 
preferentially activated complex enq/or hYpercomplex cells with large 
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receptive fields. That m~ be so, but it does not explain wqy the 
stimulus of Halliday & Michael (1970), which was also an alternating 
pattern, should have produced VEPs whose dependence on retinal locus 
was so much greater. 
Another interesting correlation between VEPs and psychopqysics 
was noted using, as above, an alternating grating as stimulus. It is 
well known that visual acuity is greater for vertioal and horizontal 
targets than for oblique~ orientated ones (reviewed in Taylor, 1963). 
Maffei & Campbell (1970) found that the VEP was greater for vertical 
or horizontal gratings than for oblique ones, although this effect did 
not manifest itself in the electroretinogram. Thus, the inequality 
presumab~ arose at some level oentral to the site of origin of the 
electroretinogram. 
Interesting as the above results are, it must be added that 
none of the papers (Blakemore & Campbell, 1969a, bi Campbell & Maffei, 
1970; Maffei & Campbell, 1970) state the number of subjects used. Since 
VEPs are notorious~ variable between subjects, it would be premature to 
assume that the above results are universal~ valid. 
1.5. Rationale for the present investigations. 
It was emphasized in section 1.3. that both the form and the 
motion of 9. visual stimulus are important parameters for eliciting a 
response from single units in the brains of lower animals, and even man. 
This applies both in the cortex, and in oertain lower brain centres 
such as the superior colliculi. 
64 
The importance of the form of the visual stimulus for 
activating cortical single units has led to the investigation of 
pattern-related ~s in man, and these have been found to be in many 
w~s a more useful object of stuqy than VEPs to homogeneous flash, as 
was argued in section 1.1. In particular, pattern VEPs are less complex 
than flash VEPs, and are more easily related to the anatolD3' of the cortex. 
It has been argued that stimulus motion is also like~ to 
prove an important and interesting parameter in VEP research, since this 
too is an important parameter for the activation of cortioal single units. 
Moreover, psychopqysical evidence has been cited in favour of 
the existence of motion-sensitive mechanisms in man; and despite some 
arguments to the contrar,y (e.g. Richards, 1971), it has been contended 
that the evidence, both behavioural and p~siological, suggests that the 
visual cortex from which scalp-recorded VEPs apparent~ originate pl~s 
an important role in the deteotion, and indeed the perception, of motion. 
Thus one useful role for motion-evoked potentials is like~ to be that 
of linking single unit data with the data of the psychopqysics of motion-
perception. 
1.5.1. The choice of stimulus. 
The evidence reviewed in this ohapter suggests that the postu-
lated motion-sensitive mechanisms are selective~ sensitive to the 
direotion of the motion. The stimulus for motion VEPs should therefore 
be such as is likely to produce a change in the aotivity of direction-
seleotive meohanisms; and, ideal~, in the activity of these alone. 
Furthermore, the responses of the direction-selective mechanisms should 
be evoked specifically by virtue of their direction-selectivity. (This 
is not a truism; for example, mechanisms maximal~ sensitive to a 
stimulus moving in a particular direction might respond to some extent 
to a stationary flashing stimulus. Such responses, although evoked in 
direction-selective mechanisms, would not be genuine motion-evoked 
responses. ) 
Now the extent to which a stimulus meets such criteria is, 
in the last resort, an empirical matter, but the probable merits of· 
various classes of stimulus can be evaluated on general theoretical 
considerations. For example, the sudden appearance at constant luminance 
of a moving pattern would be an unsuitable stimulus beoause it would be 
likely to evoke a response from contrast-sensitive mechanisms irrespective 
of whether they were direotion-seleotive. A repetitively scanning spot, 
such as was used by Dawson, Perry & Childers (1968), would also be 
unsuitable, beoause it would probah~ activate direction-insensitive 
mechanisms sensitive to brightness and contrast as its image traversed 
the retina; and, even worse, the successive local responses would be 
del~ed with respect to each other, causing more confusion in the resulting 
VEP. 
The onset of motion of a stimulus line would also probab~ 
produce a change in the activity of other than direction-selective 
mechanisms, although the control experiments of MacKay & Rietveld (1968) 
indioate that in their experiments there was no significant off-response 
due to the stimulus line leaving the fovea. 
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The onset and offset of motion of J.. stimulus pattern might be 
expected to elicit very little response except from direction-selective 
mechanisms, but in fact, even with this stimulus, that is by no means 
certain to be the case. FirstlY, it is known that the oontrast threshold 
for detecting all but the slowest of moving targets is higher than that 
for the detection of similar sta.tionary targets (van Nes, 1969); and 
for this reason, the onset and offset of target motion would be likelY 
to produce a change in the activity of contrast-sensitive mechanisms. 
Secondly, a moving patterned stimulus would continuallY be exciting 
different contrast-sensitive mechanisms (which mayor me,y not be direction-
selective) as the pattern element moved into new receptive fields, but 
a stationary pattern would not produce such effects, except to the extent 
that these were c~~ed by the small eye movements which occur during 
fixation. Thus, the onset and offset of motion would be likelY to 
produce changes in the statistical pattern of activity of neural 
mechanisms, irrespective of whether these wer~ direction selective, 
and the changes might contribute to the VEP. 
Not so with motion-reversal. The onlY parameter to change 
during motion-reversal is the direction or motion. Both the effective 
contrast and the pattern of activity of direction-insensitive neural 
meohanisms will be the same before and after motion-reversal. (That 
would not be true for a pattern with a luminance profile which was 
asymmetrical with respect to the two directions of motion - for example, 
a grating with a sawtooth luminance profile. But for a symmetrioal 
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pattern such as a checkerboard or square wave line raster, or for a 
random noise pattern, it is true.) 
Even so, motion-reversal cannot be guaranteed to produce a 
VBP which is pure~ the response of direction-selective mechanisms. For 
at the moment of reversal there will be a very brief slowing down, which 
might result in the activation of contrast-sensitive mechanisms. Even 
instantaneous reversal might produce an increase in the effective contrast, 
and various other effects which could activate direction-insensitive 
mechanisms. Such possibilities are considered in detail in chapter 3. 
Despite the faot that motion-reversal cannot be guaranteed to 
produce a pure~ motion-evoked response, it is probab~ less like~ to 
elicit contributions from other sources than are ~ of the alternative 
stimuli. Also, it is known to produce fairly 1arge VBPs, and there is 
tentative evidence (to be discussed in the next sub-section) that these 
rare not purely the product of pattern-appearance sensitive mechanisms 
(J.1acKay & Rietveld, 1968; Rietveld & MacKay, 1969a, b). For these 
reasons, motion-reversal VBPs were chosen as the main object of invest-
igation, although VEPs to motion-onset and offset were also investigated. 
1.5.2. Existine data on the extent to which motion-reversal VEPs reflect 
the activity of direction-selective mechanisms. 
Rietveld & MacKay (1969a, b) compared the VEPs to pattern 
motion-reversal and to pattern-appearance, as is brieflY described in 
section 1.1.5. One purpose of these experiments was to investigate 
whether there were any differences between the mechanisms underlying 
the two kinds of VEP. 
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Investigating the above question is not logically equivalent 
to investigating the extent to which direction-selective mechanisms 
contribute to motion-reversal VEPs. For on the one hand it is possible 
that direction-selective mechanisms might contribute to both kinds of 
VEPi and on the other hand it is possible that direction-insensitive 
mechanisms which did not contribute to the pattern-appearance VEPs might 
nevertheless contribute to the motion-reversal V~s. The latter possib-
ility is unlikely, however; it is probable that any mechanisms contributing 
solely to the motion-reversal VEPs would be direction-selective. 
Rietveld & MacKey (1969a, b) found that the two kinds of VEP 
had very similar waveforms, and approximately the same distribution over 
the scalPi but there were also three distinct differences between the 
two kinds of VEP, and these will be discussed in some detail below. 
(i) Decreasing the contrast of the pattern diminished both the 
motion-reversal VEPs and the pattern-appearance VEPsi but it increased 
the latency of the main negative peak of the latter without affecting 
the latency of the corresponding peak in the former (Fig. 1.1.2a). 
(ii) The VEPs to the reversal of motion of a checkerboard pattern 
included a negative double peak, in which the two components were 
differently affected by chaIlges in check-size, but pattern-appearance 
VEPs included no such double peak (Fig. 1.1.2b). This was observed for 
several subjeots (Rietveld & MacKey, personal oommunication). 
(iii) The latency of the pattern-appearance VEPs varied somewhat 
over the scalp, whereas the latency of the motion-reversal VEPs did not 
seem to do so. But this result was obtained for on~ one subject 
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(Rietveld & MacKay, personal communication). 
These differences were interpreted by Rietveld & MacKay (1969a) 
as tentative evidence that different mechanisms were involved in the two 
kinds of VEP. This evidence must, indeed, be regarded as very tentative 
for the following reasons. 
Since the method of stimulation was different in the two cases, 
one would expect the two kinds of VEP to have different properties even 
if they did originate in the same mechanisms. It must be remembered that 
pattern-appearance VEPs comprise several different peaks, which depend 
differentlY on such parameters as appearance-duration and contrast 
(Jeffreys, 1970, 1971, and unpublished data); and the natural null 
qypothesis is that motion-reversal VEPs are similarly complex. It is 
thus quite conceivable, for example, that had Rietveld & MacKay used a 
different appearance-duration (e.g. 5 meecs instead of 500 meecs) the 
pattern-appearance VEPs would have depended on contrast, check-size and 
scalp location in much more nearly the same way that motion-reversal 
VEPs do. It should be noted in this connection that changes in the 
apparent latencies of VEPs are not necessarily caused by changes in the 
response latencies of the underlying mechanisms; they m«y be caused by 
changes in the relative amplitudes of separate components of constant 
latency. So the different effects of oontrast level on the latencies of 
the two kinds of VEP may have been caused by differences in the relative 
amplitudes of the underlying components of the h:o kinds of VEP; and, as 
stated above, the relative amplitudes of the pattern-appearance VEP 
componentlS are dependent on the duration of pattern-appearance. 
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Moreover, the visual field sizes used were very different for 
o 10 the two kinds of stimulus; 17 for motion-reversal and 52 for pattern-
appearance (Rietveld & MacK~, personal communication). These differences 
in field size provide another possible explanation for the differences 
between the two kinds of VEP. 
Final~, there is evidence that the variation of the latency 
of the main peak of pattern-appearance VEPs over the scalp, reported by 
Rietveld & MacK~ (1969a) does not reveal aQY fundamental property of 
the underlying mechanisms. For Jeffreys (personal communication) has 
found that although the apparent latencies of whole-field pattern-appearance 
VEPs do sometimes vary over the scalp, this does not occur for either 
upper or lower half-field stimulation. The changes in latency over the 
scalp of the whole-field VEPs appear to be due to the differences between 
the distributions and waveforms of the constituent half-field VEPs. 
Despite these criticisms, it remains true that the differences 
between the two kinds of VEP studied by Rietveld & MadK~ are, as they 
claim, suggestive of differences between the underlying mechanisms. But 
they do not claim to have shown, even tentatively, that pattern-appearance 
VEP mechanisms do not contribute at all to the motion-reversal VEPs. 
To summarise, the existing data (prior to this thesis) 
tentative~ suggested that the VEPs to motion-reversal might not be 
purely the response of the mechanisms underlying pattern-appearance VEPs, 
which in turn suggested that direction-selective mechanisms might be 
involved. The extent of such involvement, however, was not known. 
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Hence, the first question which required to be tackled in this 
research project was whether the motion-reversal VEPs genuine~ reflect 
the activity of direction-selective mechanisms; and, if so, to what 
extent. 
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CHAPTER 2 
. 
Methods 
2.1. Recording erocedure 
Forty nine subjects were used in a total of 102 experimental 
sessions. Almost all were between 17 and 30 years old, but two (J.M. 
and M.M.) were about 9 or 10 years old. Initial~, both monopolar and 
bipolar recordings were used, to determine the more suitable recording 
method. Monopolar recording, usir~ several electrodes, was chosen, 
because the monopolar responses were less complex end less variable 
between subjects than the bipolar responses (see Goff, Matsumiya, 
Allison & Goff, 1969). 
Standard non-polari~able silver-silver chloride electrodes 
were used. They were attached to the scalp, and to both ear lobes or 
mastoids, with collodion, and conducting electrode jel~ was injected 
into the electrodes so that the resistance between electrodes was stable 
and below 10 kilohms; there was very little electrical interference for 
electrode resistances of this order. 
The right ear electrode was used as reference, and the left 
ear was earthed. The location of the scalp electrodes varied according 
to the experiment, but there were normally between four and ten including 
one on the inion and three more anterior to this on the midline at 3.5 cm 
intervals. These four electrodes normally covered the area of scalp 
where the VEP was largest. For EOG recording, the electrodes were 
attached by means of double-sided sellotape near the outer canthus of 
each eye. 
\ I 
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The recording arrangement is shown in Fig. 2.1.1. The 
Digitimer (Devices Ltd.) synchronously triggered the stimulus and the 
Computer of Averaged Transients (CAT 400B). A Beckmann suteen channel 
EEG machine was used. The bandwidth of the EEG amplifiers was set at 
0.5 - 50 HZ, and the CAT sampling rate for each of its channels was 
never less than 200/ sec. The maximum number of CAT channels was four, 
but this did not limit the number of electrodes as the raw EEG was also 
recorded on & 14 channel frequency modulated tape recorder. The CAT 
trigger-pulse was recorded on one channel of this. The averaged output 
from the CAT was recorded using an X-Y plotter. The whole recording 
system was calibrated using both positive and negative calibration 
pulses, from a pulse-generating facility of the EEG machine. Tape 
recording was carried out at 1.75 i.p.s., but replay at 7.5 i.p.s. 
Correct reproduction of the averaged calibration pulses indicated that 
the tape-recorder was functioning correctly. I\periodic triggering VIas 
provided by means of a tape loop with eleven transparent notches cut 
at irregular intervals, which triggered a phototransistor unit. In the 
most commonly used arrangement the successive time gaps were: 460, 
520, 480, 495, 505, 505, 465, 525, 445, 540, 495 msecs. Periodic 
, 
triggering was provided by the digitimer's internal trigger. 
The subject sat in a comfortable chair of adjustable heicht, 
in a soundproof room soreened from electrical interference. The 
lighting was always low, and the subject was not a~ore of it during runs. 
He was asked to find a relaxed sitting position, to avoid moving during 
runs, and to fixute on the small, faintly illuminated red cross provided 
1 
I 
i 
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TAPE 
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Fie.2.1.1. Block diagram of the experimental system. 
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for that purpose in the centre of the visual field. Every care was 
taken to ensure that the subject was fully relaxed, partly because there 
is evidence (Biokford, Jacobson & Coqy, 1964) that auditory evoked 
potentials to clicks and VEPs to flashes can be seriously cont~ninated 
with myogenic components if the subject is not properly relaxed; although 
the bulk of evidence suggests that such contruninatlon is rarely serious 
in visual evoked potentials (Katzman, 1964). It is very unlikely that 
myogenic artifacts were present in the VEPs reported in this thesis, as 
the VEPs were alw~s localised over the occipital and ocoipito-parietal 
scalp, with characteristio changes in spatial distribution for stimulation 
of different areas of the retina. Myogenic oomponents would not exhibit 
such properties. 
Experiments lasted about one and a half hours. This included 
about thirty runs lasting about eighty seconds each, interspersed with 
gaps during which the subject rested while the results were being plotted 
out. 
Every stimulus was repeated at least once. If a stimulus 
variable X was given successive values Xi' X2 - - - Xn-1, Xn, this series 
would then be repeated in the reverse order~, Xn-1, - - - X2, Xi' to 
eliminate possible effects of gradual fatigue etc. The earliest runs 
were of'ten repeated at the end of the experiment, but there was normally 
no significant change in the response during the experiment. On rare 
occasions, however, a subject did become so tired that the VEPs were 
affected, but in auch cages the VEPs also became very variable and the 
experiment was abruptly ended. 
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2.2. Visual stimuli. 
Two main kinds of visual stimulator were used. One, which will 
be referred to as 'the mirror system' involved the movement of a pattern, 
back-projected on a screen via a mirror which was driven to provide the 
movement. The second will be referred to as 'the tachistoscopic system'. 
This involved optically switching from one tachistoscope channel to 
another, so that one and only one channel was visible at a time. Each 
channel contained a blank field, a stationary pattern or a moving pattern. 
The pattern was normally 'visual noise' (Fig. 2.2.1), (see MacK~, 1961b), 
of the same grain size in each system (the size of the noise in the figure, 
viewed from 48 cm). 
2.2.1. Mirror system. 
With this system, a slide projector was used to back-project a 
pattern onto a screen via a moving mirror. The subject viewed the screen 
through an aperture, cut in black cardboard, in the plane of the screen. 
Unless otherwise stated, the lower half-field (40 radius) was used. 
Luminance was varied by means of an aperture in front of the projection 
lens and by neutral density filters. The subject flxated on a small red 
cross in most experiments, but on a small red spot 1n the earliest ones. 
The arrangement for driving the mirror is shown in Fig. 2.2.2. 
The Pulse Inverters were simple grounded emitter amplifiers, and were 
used because the Tektronix 161s (pulse generators) required a positive 
trigger pulse. The Tektronix 161s provided a pulse ~hose amplitude, 
duration and polarity could be independently controlled. 
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Fig.2.2.1. Visual Noise. 
Digitimer 
.. 
Pulse 
... 
TekYoni)( VI lf Jl 
Output I ~ Inverter 161 
If JL k . Digitimer Pulse ... Te tronlX V1 
Output 2 ~ Inverter ~ 161 
Vibration Power Waveform ~ 
Generator Amplifier Generator 1£ 
-
Fig.2.2.1. Block diagram of the mirror control system. 
lOOK 
V 'OI,uF L:.r-u-o ----t/ 
Variable 
DC level 
Fig. 2. 2. '3. Waveform Generator. 
~----oOut 
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The waveform generator (Fig. 2.2.3) integrated a square-wave 
at input 1, procucing a triangular waveform, but other variations 
(Fig. 2.2.4) were made possible by additional use of input 2 and. the 
property of amplifier saturation at the supply voltage (~9v). Bottom-
saturated waveforms were normally used to prevent DC drift. 
The input resistance of the Vibration Generator was about 
3 ohms, so a power amplifier with output impedance of that order was 
constructed from a circuit (Fig. 2.2.5) described by Van der Mark 
(Schipperheyn, 1965) and modified by R.F. Cartwright. The power trans-
istors (OC 28s) at the output were a matched pair, and were mounted on 
a heat sink. The variable resistor controlled the DC level. 
The 'Vibration Generator' was essentially a linear motor with 
a wide bandwidth frequency response between DC and about 1 kHz, when not 
mechanically loaded. Fig. 2.2.6 shows how the Vibration Generator was 
used to rotate the front-silvered mirror about a vertical axis through 
its reflecting surface. The system was made as small and light as 
possible in order to minimise the moment of inertia and 80 obtain a good 
frequency response. This was important for producing a rapid turn-
round time in motion-reversal. For the same reason, the ball-bearings 
and pin-hinges were kept well oiled. 
The system normally produced horizontal motion, but the direction 
of motion could be varied by means of a Dove prism. 
The Electromechanical response of the system. 
Fig. 2.2.7 shows the frequency response of the system, from 
the input to the power amplifier to the motion produced on the 8creen. 
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a) 
b) 
c) 
d) 
a) Triangular waveform. V1 is a regular square-wave; V2=O. 
b) Bottom-limited triangular waveform. Inputs as for a). 
c) Bottom-limited triangular waveform plus step. V1 is a 
regular square-wave. V2=-kV1 • 
d) As c), except V2(t) =kV1 (t+T), where T is about one twentieth 
of the period. 
Fig.2.2.4. Waveforms that could be produced with the Waveform 
Generator. 
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~------~--~~-';---r---------~~-9V 
8=2K 
In 
~.I-"'--"""--"'-'--+-r--oOut 
?K 
3300pF 
Fig.2.2.S. Power Amplifier. 
mirror-
a) l'lan View. 
1 
5cm 
~djusta~le screw 
b) Side Viewyof Hinge Arrangement. 
Fig.2.2.6. Mechanical couplinG between vibration generator 
and mirror. 
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The - 3db cut-off frequency is greater than 100 Hz. 
It is possible on the basis of this to make a rough estimate 
of the time taken for velocity-reversal, by comparison with a one-stage 
RC filter of the same cut-off frequency (fc). If fo = 100 Hz, time 
oonstant RC = 1/2rrfc = 1/(2~x 100) = 1.6 x 10-3 secs. Hence the time 
function at reversal after filtering, 
Velocity V(t) = V (1 - 2e-~RC) 
m~ 
(See Appendix 1) 
where Vmax is the final velocity (so initial velocity = -Vmax) 
Hence after 5 msecs, v = Vmax(1 - 2e-3•1) 
= Vmax(1 - 0.09) 
= 0.91 Vmax 
So in this case reversal is virtual~ complete after 5 msecs. 
time 
For a filter with perfect cut-off at fo = 100 Hz, the turn-round 
1 
= 2f = 5 msecs, the same result. 
o 
It can thus be assumed that motion-reversal is virtually complete 
within 5 msscs. 
This was oonfirmed by recording direct~ the time function of 
motion at reversal. A black-white edge was projected through the system, 
and this was viewed through a reotangular aperture by a photomultiplier. 
The mains-powered projector lamp was replaced by DC-driven glow tubes 
so the light flux at the photomultiplier contained no variation due to 
mains osoillation and was therefore proportional to the position of the 
edge. The relationship between the light flux received by the photo-
multiplier and its output was linear. This output voltage was therefore 
proportional to the position of the edge. It was observed on an 
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oscilloscope screen, and Fig. 2.2.8 shows osoilloscope traoes indicating 
the movements produced by various inputs. It can be seen that the time 
for complete reversal of motion was about 5 IDSeO!, as predicted. There 
is no indication of overshoot, and ,a superimposed atep in the input 
voltage ia quite faithful~ reproduced in the output. 
In some experiments a variable time-constant low-pass filter 
was added between the Waveform Generator and the Power Amplifier. This 
was constructed according to the circuit in Fig. 2.2.9. The emitter-
follower at the input was necessary so that changes in the output 
impedance of the Waveform Generator would not affect the time oonstant 
of the filter. Time-constant values were calculated (39 k. ohms :x C) 
ignoring the output impedance of the emitter-follower. The frequency 
characteristics of the filter were recorded, and these confirmed the 
validity of the assumption. The time-constant values were: 
1.9, 2.8, 4.1, 6.4, 8.8, 12, 18 msecs. 
Wave-shaping of the mirror-control signal was sometimes used 
to deorease the turn-round time at reversal. On the assumption that 
the mirror system behaves appro:ximate~ as a simple RC low-pass filter, 
its trarlsfer function is 
Fes) = 1 , where T is the time-constant (approx. 1.6 msecs). 
1 + Ts 
If the time-differential of the input is added, F(a) = 1 + as. 
1 + 'fs 
Hence, if a = T, Fes) = 1. This was aohieved by adding a resistor in 
series with the feedbaok capaoitor in the Waveform Generator (Fig. 2.2.10). 
Now T • 1.6 msscs, 80 a = RC2 = 1.6 mseos, i.e. R2 • 1.6 k.ohms. So the 
turn-round time should be decreased c onsiderab~ by adding a 1.6 k. ohm 
a) Motion-reversal takes place 
within 5msecs (one square 
represents 20msecs). 
b) A superimposed step in the 
input voltage - time waveform 
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is quite faithfully reproduced 
in the resulting stimulus motion. 
Fig.2.2.8. The stimulus movements (lower trace) 
produced by two different inputs (upper trace) 
to the mirror system. 
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r-----~--------------------------~+9V 
11K ~..._____r___r------_1\II. 
In 
'--__ --'-_______ -() Out 
~----~--------------------------~-9V 
Fig.2.2.q. Low-pass filter with variable time constant. 
~ _ -1/s0 + R~ = 1 +sCR,a 
V~ - ft. s Crt. 
Fig.2.2.IO Wave-sha.pin~ circuit. 
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resistor as described above. 
The vibration-generator responded non-linearly for input 
voltages greater than 3V, so this value was never exceeded in experi-
ments. 
Production of continuous unidirectional movement. 
The mirror could not, of course, produce continuous movement 
in one direction. This was achieved by means of a large (10.5 cm radius) 
transparent diso of visual noise (see Fig. 2.2.1) mounted on the geared-
down shaft of a servo-motor 80 that its outer region fell in the focal 
plane of a projector. Rotation of the disc caused almost linear vertioal 
motion on the screen, which could, if desired, be converted into hori-
zontal movement by means of a Dove prism. The servo-motor driving the 
diso could be set at a steaqy angular velooity by setting the gains of 
its own control system, and a superimposed variable velooity could be 
added by means of external control signals. 
In some experiments concerned with adaptation, & steaqy velocity 
was produced for & limited period (e. g. 20 seos) by means of the pro-
jectar arrangement, and then suddenly changed to a different velocity 
while at the same moment the mirror system was set in motion with a 
triangular waveform, for another time interval (e. g. 5 secs). This 
arrangement utilised gating facilities provided with the digitimer 
(Fig. 2.2.11). 
2.2.2. Tachistoscopic system. 
The arrangement for this is shown in Fig. 2.2.12. Fields 1 
and 4 contained rotating transparent discs upon which photographio 
o GATE control system 11111""111111111111111 8 To mirror 
"> 
Digitimer 
Outputs 
open~ ~shut IHlHlII mil/III 
<" 
'" 25secs .... 
-0 open~~~shul :J L • --12V 
-12V o------,GATE To servo 
control system 
Fig.2.2.11. The arrangement tor alternately gating the inputs to the 
servo and the mirror control systems. 
CD 
\D 
-< 12cm :> 
48cm 
-------1
5c
m 
-------1
2cm 
/ F3 - - - - - - - r2cm 
FI 
/ ~ F4 ---I2Cm 
n%I--
12cm 
Fig. 2.2.12.. Busic layout of the to.chis toscope. Field F6 
contains the fixation cross. The dia~onal lines 
represent half-silvered mirrors. 
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transparencies of visual noise were mounted. Fields 2 and 3 were used 
for blank or stationary pattern presentation and field 5 for providing 
steady illumination of the surround field. A small red fixation cross 
was placed in field 6. Each field was delimited by a cardboard aperture. 
Fine adjustments of the positions of the half-silvered mirrors brought 
each field and the fixation cross into the same plane (judging by absence 
of parallax) and visual position. The field size and viewing distance 
were the same as for the mirror system. 
The walls, floor and roof of the tachistoscope were made of 
wood, and all inside surfaces were painted matt black. Secondary 
reflections were part~ eliminated using black oardboard masks. 
Fig. 2.2.13 shows the method of mounting the discs. This 
method made it possible to adjust the direction of seen motion to aqy 
angle, by rotating the diso and its mountings about an axis through the 
centre of the aperture in that field. Each motor operated at voltages 
between 3 and 12V, and included a • 6 speed' gear-box (ratios 3: 1, 6: 1, 
12:1, 16:1, 32:1, 60:1). The output shaft fed a second 50:1 gear-box, 
and the disc was mounted on the output shaft of this. This system permitt~ 
diso speeds providing linear stimulus motion between 1 and 300 visual 
anglE¥' sec. 
Each field wa.s back-illuminated by two gas discharge tubes 
behind a white perspex diffusing screen. For most of the experiments 
tubes with a special rapid-dec~ coating were used. The tubes, which 
gave a. bluish-white light, had emission rise and fall times of 0.5 mseo 
motor 
plus two 
-t: ~ sets of 
gears 
Visual ___ ~~EJ-} -.... -----=-=-- hin ge 
field ,.."t 
Fig.2.2.13;;3.) Side view of disc-mounting 
" 
:30 em \ 
} 
/ 
/ 
Visual field 
I I 
I I 
:< ~ 
7em 
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b) End view of disc mountine. The visual 
field is seen through the disc. The disc is shown in 
two positions corresponding to horizontal and diagonal 
motion. (The dotted disc causes the diagonal motion to 
be seen). 
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(measured using a photomultiplier). In a few experiments tubes with 
'd~lightt coating were used, and these had 1.5 mseo rise and fall times. 
The evoked responses are very similar for either kind of tube (n.A. Jeffreys, 
personal communication). 
The circuit diagram for driving each pair of tubes is shown 
in Fig. 2.2.14. As the figure shows, the square-wave voltages required 
were produced by triggering bistable circuits (Fig. 2.2.15) with pulses 
from the Digitimer, delayed to switch on the bistable for the desired 
time interval. The bistable switched the high voltage (MJE 340) trans-
istor fully on or fully off and this drove the gas discharge tubes. The 
500 ohm potentiometer facilitated minor adjustments in brightness. 
Firing of the tubes was facilitated by wrapping round each 
tube a wire, live at+150V but insulated from the tube. 
2.3. Preliminary control experiments. 
The averaged waveform recorded m~ include components from 
sources other than brain activity induced by the visual stimulus. These 
are considered below. 
2.3.1. Instrumental artifacts and non-visual sensory artifacts. 
Such artifacts were shown not to be present by covering up the 
visual stimulus. There was then no response. This control was carried 
out only occasionally, but it is certain that such artifacts would have 
been detected in any experiment, had they occurred, a.s there were e.lw~s 
some control runs and stimulus conditions for which the response was very 
small. 
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1f On 0 or 9V 
DIGITIMER BI-STABLE \-=--=--------, 
Off 
+150 V 0--,---,--------------, 
heaters 
6-3 V AC~I'---l 
Fig.2.2.14. Drivine circuit for the discharGe tubes. 
270 
~ 
r-----------------,~----~+9V 
l'ff 270...n.. 
2-7kA 
Output 2 15920 
O--+--AN\I\---J 
2NI302 
t-5k1l. \-5kJ1. 
------L-----------L--------------o-9V 
Fig.2.2.15. Bi-stable circuit. 
To high voltage 
transistor 
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2.3.2. Distraction due to the noise of the ~ears. 
The gears through which the tachistoscope discs were driven 
made a certain amount of noise. This noise was not synchronised with 
the visual stimulus, but it might conceivably have affected the VEPs 
indirect~ (e.g. through loss of attention to the stimulus). This was 
shown to be unlikely, however, because the VEPs to mirror-produced 
motion-reversal were quite unaffected by the noise of the tachistoscope 
discs. 
2.3.3. Flash artifact. 
The tachistoscope was alw~s adjusted so that there was no 
subjective brightness change at switching, and in some experiments this 
was confirmed objectively using a photomultiplier. This was important 
to avoid contamination by brightness-change VErs. Brightness-change 
VEPs are produced independently from pattern-appearance VEPs (Jeffreys, 
1968a) • 
If the pattern was removed and the brightness readjusted to 
allow for removal of the pattern, the blank-to-blank VEP was usually of 
negligible amplitude (Fig. 2.3.1a). On two occasions, however, a rather 
large blank-to-blank YEP was produced, probably because the brightnesses 
were incorrectly adjusted. One of these cases is shown in Fig. 2.3.1b, 
and it can be seen that even in this case, which is about the worst I 
recorded, the blank-to-blank VEP is small compared with the pattern-
appearance VEP. Fortunately the b1ank-to-blank artifactual WPs were 
largest well anterior to the electrode (2) at which the pattern-appearance 
YEP was largest. 
0.) L.e. '1/1/7 0 
BL"B~. st-..Pa.tt. 
I~ 
inion 
311 em $Po..c:in9 
between elec~rodes 
b) p.c. 1213/71 
. B~.""BL. Bt. ... PQ.tt. 
I I 
o 2S0msecs 
Fig.2.3.1 Blank-to-blank VEP compared with pattern 
-a,pearance VB.P. 
a) A typical s~bject. 
b) A subject who Gave a larGe blan1<:-to-blank Vlll'. 
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Also, it should be noted that in many cases two VEPs were 
being compared, each of which would have contained an equal contribution 
from brightness-change artifact (e.g. the comparison of VEPs to stationary 
and to moving patterns). 
2.3.4. Was the reference electrode neutral? 
Halliday & Michael (1970) compared checkerboard-reversal VEPs 
for three different positions of the reference electrode: mid-frontal, 
mid-cervical and linked ear-lobes. They found that 'the responses were 
not entirely unaltered by a change of electrode', 80 clear~ at least 
some of their reference electrodes cannot have been complete~ neutral. 
In a more recent paper (Michael & Halliday, 1971)", they emphasize 
that, for upper half-field stimulation, the dit'ference between the 
two-ear and the mid-frontal references is several microvolts, and they 
suggest that it is primarily activity at the ears whioh is responsible. 
Other investigators, using flash as the visual stimulus, have reaohed 
contradictory opinions as to whether the ear-lobes are neutral (Goff, 
Mataumiya, Allison & Goff, 1968; Lehtonen & Koivikko, 1971). 
In the present series of experiments, the electrical activity 
at the reference electrode was investigated 1n three subjects by 
recording the averaged response between the chin and the right ear 
mastoid. (The latter was the usual reference electrode position although 
sometimes the ear-lobe was used.) Movement onset, offset and reversal 
did not give measurable chin-mastoid responses, but pattern-appearance 
did sometimes produce quite a large chin-mastoid response, especially 
for 40 msec presentation in the lower half-field (Fig. 2.3.2). 
+M0? 
M.S 
7/4/71 
..L..l ,hi ... (e) ~ c: 
IOlon 
e.!edroae sP(J&\",:= 3~cm. 
.~ M-Crv 
FfV I I I o 2.S0msecs 
Fig. 2.}.2. The response at the right ear mastoid (M) relative to the chin (C) is 
compared with the monopolar recordings from eight scalp electrodes, using M a8 reference. 
The 8timulus was 4Omseo pattern-e.ppearance, lower half-field. For this subj ect, the td~ 
response was by no mean8 negligible compared with the momopolar recordings. 
\0 
co 
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Moreover, the smallness of the chin-mastoid responses for 
most of the stimuli used should not be taken to guarantee that the ear 
reference is neutral, because recent evidence suggests that there may 
have been substantial but similar activity at the two reference positions 
(Michael & Halliday, let 71);.. . 
As Michael & Halliday point out, activity at the reference 
electrode can be seriously misleading in an attempt to infer the location 
of VEP sources from the distribution of the VEP over the scalp. But such 
inferences have not been made in this thesis. All investigations of 
scalp distribution are concerned with the relative distributions due to 
different stimuli, not with the absolute locations on the scalp. And no 
conclusions drawn in this thesis depend on the rei'erence electrode being 
perfectly neutral. 
CHAPTER .3 
(Results 1) 
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To what extent do motion-reversal VEPs reflect the activity of direction-
selective mechanisms? 
The stimulus chosen for most detailed investigation was the 
reversal of direction of motion of a visual noise pattern. Motion-
reversal has the advantage that it is less likell than other movement 
time-functions to evoke response components from mechanisms insensitive 
to the direction of motion (see chapter 1). Noise was used rather than 
a periodic pattern to avoid the various effects that can occur when 
viewing periodic patterns: complementary after images (MacK~, 1957a, b), 
adaptation to a particular spatial frequency (Blakemore ~. Campbell, 1969b; 
Campbell & Maffei, 1970) and reversed motion and standstill effects 
(Schouten, 1967; Foster, 1968). One standard grain-size of noise was 
used in most experiments (Fig. ;2.2.1). This size was chosen on the 
basis of some preliminary experiments 80 as to give large VEPs for a 
stimulus velocity of 100/sec. 
One might expect that the motion-reversal VEP would arise 
purely from direction-selective neural processes, since the onll para-
meter that changes at reversal 1s the direction of movement. In fact, 
however, there are a number of possible W~8 in which direction-insensitive 
processes might contribute to the VEP. The work of Rietveld & MacK~ 
(1969a, b) suggests that the motion-reversal VEPs are not mere~ the 
response of pattern-appearance detectors (section 1.1), but certainll 
does not rule out the possibility that there is seme contribution from 
101 
direction-insensitive processes. The question is investigated in detail : 
in this chapter. 
Before the possibility of such artifacts is discussed, however, 
some evidence is presented that direction-selective processes do make at 
least some contribution to the motion-reversal VEP. 
3.0.1. Direction adaptation. 
Psychophysical evidence suggests that there m~ exist movement-
sensitive mechanisms which are subject to adaptation following prolonged 
stimulation by movement in the direction to which they are most sensitive 
(e.g. Wohlgemuth, 1911; MacK~, 1961a; Sekular & Ganz, 1963; Sekular & 
Pantle, 1966; Pantle & Sekular, 1969). There is also physiological 
evidence for this, at least in rabbit (Barlow & Hill, 1963b). Experiments 
were therefore carried out to investigate whether ~ indications of 
such adaptation are detectable in the motion-reversal VEPs. 
The subject saw the noise pattern move steadi~ in one direction 
for, typical~, 10 secs., then it changed to a periodic reversing motion 
for, typically, 5 secs., then stea~ motion again and so on. 
It was found that the motion-reversal VEPs were indeed affected 
by the direction of the steady (adapting) motion. This effect was never 
very great, and it was sometimes so slight as to be scarcely significant, 
especially when the repetition period of the reversing movement was long; 
but for shorter repetition periods the effect was clear~ detectable 
(Fig. 3.0.1). 
For subject D.W., when the adapting motion was towards the left, 
the negative peaks at 0, 200 alld 400 msecs were larger than those at 
100 100 300 /too 
ve(oc.tl!j , 
SOOn"lSu.& 
~ $ir'l'll.Ll\1~ I ~~X~j; 
o ;---~--~---+---+----
, oO/.seG,;-__ _ 
to right 
~d.o.pt it'll} 
mo~ion to leH ' 
Q.dCLp~in9 
tnol:.!'o\,\ to, ti:l~t 
I' I 1;0 left: 5~IM""~ , 
ISO JOO l,oo/see -ve!oc.i~!1 0 +---r---t---t--
1 oO/sec 
to ri'3ht 
o.da.P~I'Il.9 
mot.ion t-o leJ~ 
'. Q.J.Q.pli~ 
rnolio" to rIS\"!: 
Fie.3.o.1. Directi?nal adaptation. 
10 sec,~ ~tin~~ 
5 .stc..s o.verCl.!)i"~J 
1 0 sees d.c1"pb~~ 
m. 
D.W. 
'2S/6/7 I 
7 .sc.~s a.c:t"'l'i;i .... 3J 
?> sc~ o."ec-o.!)i~.1 
~ ,sees o..J..o.pbn, 
eh.. 
8,S. 
25/6/71 
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Periodically reversing stimuli were used, with reversal 
every 100msecs (D.W.) or 150msecs (B.S.). (The reason for 
this is explained in the text). \lith thcs e fu.s t rcpeti tion 
rates, successive responses ran into each other so that 
individual components could not be cl€arly identified. But 
t~ere is no doubt th~t the responses were affected by the 
d1rection of the adapting motion. 
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100, 300 and 500 msecs, but when the adapting motion was towards the 
right the 100, 300, 500 msec. peaks were larger. 
For subject B.S., the effect is less easily described, but it 
can clearly be seen from the figure (3.0.1) that the motion-reversal 
VEPs were substantially diff'erent for the two directions of the adapting 
motion. 
Since every stimulus parameter except the direction of the 
adapting velocity was kept constant in this experiment, it may be assumed 
that the difference between the VEPa for the two directions of adapting 
velocity was caused by the adaptation of mechanisms in the brain sensi-
tive to the direction of stimulus motion. 
It f'ollows that direction-selective mechanisms contributed to 
the motion-reversal VEPs; and specifically by virtue of their direction-
selectivity. The f'ollowing sections report experiments to investigate 
possible additional contributions. 
3.1. Are there artifacts due to slowing down at reversal? 
Motion-reversal takes a finite time (5 msecs approx.), and this 
could cause a change in the activity of' neural mechanisms irrespective 
of whether they were direction-selective. In particular, it is known 
that psychophysically measured contrast sensitivity is higher for slowly 
(~1 o/s) moving objects or stationary ones than for faster moving objects 
(Van Nes, 1969). The temporary slowing down at the moment of reversal 
might therefore produce a brief increase in effective contrast, evoking 
a response from neural mechanisms sensitive to pattern contrast but not 
necessarily sensitive to motion direction. 
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The work of Rietveld & MacK~ (1969a, b) which was discussed 
in chapter 1, suggests that the motion-reversal VEP may not be pure~ 
the product of the mechanisms which cause the pattern-appearance VEP, 
but it certain~ does not rule out the possibility that some components 
of the two kinds of VEP share the same origin. The experiments described 
in this section were designed to investigate whether processes insensitive 
to direction contribute to the motion-reversal VEPs as a result of the 
brief slowing down at reversal. 
3.1.1. Tachistoscopic motion-reversal. 
First, the tachistoscope was used to produce motion-reversal 
without the moving pattern slowing down. The results for six subjects 
are shown in Figs. 3.1.1 - 3.1.3. There was a difference between the 
VEP for tachistoscopic motion-reversal and the control, (both patterns 
moving in the swns direction) but it was not great; and in both cases the 
main VEP components were much smaller than in the VEP evoked by mirror-
produced motion-reversal. The first VEP component was reduced in ampli-
tude less than the later ones. It might be inferred that a major part 
of the latter VEP results from the slowing down at reversal; but it is 
also possible that the change of noise pattern at the moment of tachis-
toscopic reversal suppresses the VEP in some way, perhaps related to the 
elevation of visual threshold by displacement of retinal image reported 
by MaCK~ (1970). More experiments were therefore carried out to decide 
between these alternatives. 
3.1.2. Yirror-driven reversal; variation of the turn-round time. 
Under normal circumstances mirror-produced motion-reversal 
F i 58 3. 1 • 1 - 3. 1 • 3 
A: ~chistoscopic motion-reversal. 
E: control (no reversal). 
A-E: the difference between the VEJ?s to reversal and the 
control. 
C: mirror-produced reversal. 
The arrows indicate the direction of motion before and 
after reversal. Two responses, each the mean of 100 samples, 
are superimposed to indicate variability. 
o Velocity = 10 /sec. 
Lower half-field(4° radius) was used, as al\'lays unless 
o therwis e s ta ted. 
Note that for subjects (B.S.,C.D.,H.H.) who Gave a 
prominent 100msec positive peak in the mirror-produced 
reversal VEP, there VMS also a correspondin~, ~houGh 
smaller, 100msec positive peak in the tachistoscopic 
reversal and control VErse But later peaks in the 
mirror-produced VEl's did not have such obvious counterparts 
in the tachistoscopic VBPs. 
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was completed within 5 msecs. If ~ components of the motion-reversal 
VEP were caused by increased effective contrast due to slowing down at 
reversal, then lengthening the turn-round time above 5 msecs. should 
increase these components and thereby modify the VEP. (It is unlike~ 
that the effect of increasing the turn-round time would have reached 
saturation by 5 msecs., for I have found that VEPs to pattern-appearance 
do not reach saturation until the exposure duration reaches 10 - 40 msecs., 
for the same pattern-contrast and luminance as in the motion-reversal 
experiments. Checkerboard-reversal VEPs are reported to be largest if 
the alternation pulse lasts 30 msecs (Cobb et al., 1968).) The signal 
controlling the mirror movement was therefore passed through a simple 
RC low-pass filter with variable time contrast, to increase the turn-
round time. Time constants between 2.8 and 18 msecs were used, corres-
ponding to turn-round times between 8 and 50 msecs, but it can be seen 
from Figs. 3.1.4 - 3.1.6 that the VEP was not great~ affected by these 
increases in the turn-round time. Subject C.D. does, it is tr~e, show 
an increase in the negative 140 msec peak for time constants of over 
about 10 msecs, but these correspond to an increase in turn-round time 
by a factor of six or more, and there is no detectable effect for smaller 
increases. This experiment was carried out ful~ on five subjects, and 
partly on two more, with no contradictory results. Subjective~, the 
increased turn-round time was not noticeable, and there was never aqy 
discernible increase 1n apparent contrast at the moment of reversal. 
To reduce the turn-round time below 5 msecs, wave-shaping was 
applied to the mirror-control waveform, as outlined in section 2.2.1. 
FitSS 3 0 1.4 - 3.1.6. Variation of the turn-round time. 
o 
Velocity = 10 /sec. 
The VEl's 'oNere not greatly affected 'by the increases· in 
the turn-round time. 
For subject C.W. there is considerable noise at the more 
anterior electrodes (3,4) due to alpha activity. This does 
not make the results hard to interpret, however, because 
the v~p is larGest at the posterior electrodes (1,2). In 
most subjects the alpha rhythm did in fact predominate at 
electrodes anterior to those at whicn the motion-reversal, 
-onset and -offset and pattern-appearance VEl's were larGest. 
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A shaping pulse slightly larger than the theoretical ndnimum required 
for instantaneous reversal (section 2.2.1) had no measurable effect on 
the VEP (Fig. 3.1.7). 
These results suggest that the slowing down at reversal was 
not responsible for any major components of the (mirror-driven) motion-
reversal VEP. This implies that the reduction in the VEP with tachis-
toscopic motion-reversal was caused by the change of pattern at the moment 
of reversal rather than by elimination of the slowing down. 
3.1.3. Variation of the velocity. 
Although the VEP was insensitive to the time-course of motion-
reversal, Figs. 3.1.8a, 3.1.9a show that it was ver,y sensitive to the 
steaqy velocity before and after reversal, being virtually abolished 
when the velocity was ver,y high (90 0/8ec). This reduction in VEP with 
increased velooity was not due to the decrease in the time of slow move-
ment at reversal, for the addition of a low pass filter of 18 msec time 
constant (as previously) had no great effect on the 900/sec VEP (Figs. 
3.1.8b, 3.1.9b). Yet the time-course of reversal (within a few msecs of 
reversal) at 90 0/seo with the filter added was very similar to that at 
80/seo with no filter (see Appendix 1). 
These findings support the conclusion of the previous section 
that slowing down at reversal does not cause aQY major VEP components. 
The range of velocities for which the VEP is relatively large is within 
the bounds of what might be expected on the basis of the sensitivity to 
different stimulus velocities of single units in cat and monkey. For 
S.H. (5/12./70) F.M.(30/1I/70) P.C. (/2/3/71) 
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FiG. 3.1.7. The effects of reducine the turn-round 
time by means of pUlDe-Ghapin~. There is no significant 
• change in the VErse Velocity = 10 /sec. Each trace is 
the mean of 200 samples. The' standard deviation 
between averaGed responses is about O.5~V for each 
subj ect-. 
FiGs 3.1.8 - 3.1.9 
a) The effect of varying the velocity. 
b) The effect of adding a simple low-pass filter 
o 
of 18msec time-constant when velocity = 90 /sec. 
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Pettigrew, Nikara& Bishop (1968) found that the optimal velooity of 
stimulus motion was 40/seo, on average, for sil~le neurones in cat 
striate cortex; but their oriterion for optimal velooity was the total 
spike discharge count, a criterion which is biased in favour of low 
velocities (see section 1.3). And Wurtz (1968a, b) found that most 
units in monkey striate cortex responded best for velocities below about 
1000/sec. In extra-striate of oat, oomplex cells respond best for 
velocities between 0.1 and 200/8ec (Hubel & Wiesel, 1965). (See seotion 
3.1 of this thesis for a further discussion of optimal stimulus velocities). 
The results in this sub-section were repeated for five subjects, 
although the 18 msec filter was not used for one of these. The effects 
of varying velocity are dealt with further in chapter 4. 
3.1.4. Comparison of pattern-appearance VEPs for both stationary and 
moving patterns. 
Using the tachistoscope, VEPs to the appearance at constant 
luminance of stationary and moving patterns were reoorded. The results 
oonfirmed those of Jeffreys (1970b, 1971) that for stationar,y patterns 
the VEP is normally triphasio with positive peaks at about 80 and 180 
msecs and a negative peak at about 110 mseos (for the lower half-field). 
With moving patterns, it was found that for long ~ 200 msec) exposure 
durations, the later peaks, especially, were often greatly reduced. But 
for exposure durations of 10 msecs or less the VEPs to stationary and 
moving (8 - 100/sec) patterns were almost identical (Fig. 3.1.10). That 
is not surprising, since for exposure durations less than about 30 msecs 
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it was not possible to see clearly whether the pattern was moving. But 
since the VEPs to brief (10 msec) pattern-appearance we;e not signif-
icantly affected by the motion of the pattern, it would seem unlikely 
that the change in effective contrast due to an even briefer (less than 
5 msec) slowing down at reversal would have evoked a significant VEP. 
This supports the conclusions of the previous sub-sections. 
The above experiments were carried out on four subjects, with 
the same basic result in each case. 
3.1.5. Suppression due to a ,step-displacement added to the motion-reversal. 
The inference suggested by the last three sections is that the 
reduction of the main components of the VEPs to tachistoscopic motion-
reversal, as compared with those to mirror-driven reversal, was caused by 
H,e. ck ....... ~e of P4t..~ t ... ",,~ tha.", bJ 
the momentG~ ~lowi~ down at reversal. A change of noise pattern is 
statistical~ equivalent to a large displacement of the pattern, sO the 
effect of a step-displacement in addition to motion-reversal was studied. 
This did indeed suppress the VEP if the step occurred within 
about 20 msecs of the moment of reversal (Figs. 3.1.11 - 3.1.12), which 
confirms the above interpretation, as suppression took place even when 
the time-course of reversal was not affected. The suppression was usual~ 
greater for a step ocourring 10 or 20 msecs after the moment of reversal 
than for one an equal time before reversal (Figs. 3.1.11 - 3.1.12). 
Step-displacements as small' as 9' or 10' often produced signif-
icant suppression of the VEP, but the degree of suppression increased 
with the size of step (Figs. 3.1.13 - 3.1.14). 
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Reversing the direction of the step-displacement did not greatlY 
change its effect on the VEP if it occurred at the moment of reversal 
(Fig. 3.1.15). For steps occurring slightlY before or after reversal, 
however, the directioa of the step-displacement tended to be rather more 
important, but this has not been investigated in detail. 
As in the case of tachistoscopic motion-reversal (sub-section 
3.1.1), the early positive VEP component appeared to be less susceptible 
to suppression than did the later components. For example, in Fig. 3.1.14 
the early positive peak seems to have been slight~ enhanced as a result 
of the step-displacement, although the later peaks were suppressed. The 
matter was investigated more carefu1~' using two subjects for whom the 
early positive component was predominant. It was found that a small 
(15') step-displacement did produce suppression, but a larger one (30' or 
1
0
) did not (Fig. 3.1.16). This appears to be related to the fact that 
the VEP to a step-displacement during stea~ motion included a positive 
VEP component which had the same latency as the ear~ positive component 
of the motion-reversal VEP, and tended to increase with the size of the 
step-displacement (Fig. 3.1.16). The failure of large (30' or 1°) step-
displacements to suppress the ear~ component of the motion-reversal VEP 
me,y, therefore, have been due to an enhancement of this componont by a 
more or less additive interaction with the corresponding component of the 
VEP to a step-displacement durir~ stea~ motion. It is emphasized, 
however, that such a linear or quasi-linear mechanism cannot be the ca.use 
of the suppression of the later VEP components. A lL1eur interaction 
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would have tended to enhance these later' components just e.s it apparently 
enhanced the first component, for peaks of similar latency in the VEPs 
to motion-reversal and to step-displacement during steady motion tended 
to have the same polarity. 
The cause of the suppression is not known. It m~ be related 
to the discovery of M acZ.ay (1970) that the brightness threshold for 
detection of a flash is raised by displacement of the surround field. A 
threshold elevation also occurs due to the sudden displacement of a noise 
field (MacZ.~, D.M. personal communioation), and due to a tachistoscopic 
change of noise pattern. MacK~ suggested that the effect was probably 
due large~ to the same mechanisms that cause elevation of visual threshold 
before and during eye movements (e.g. Latour, 1962; Volkmann, 1962), a 
phenomenon for which there are VEP correlates (Micha.el & Stark, 1967; 
Duffy & Lombroso, 1968). 
Whether or not the suppression of the motion-reversal VEP is 
related to the above effects, it is certainly not unexpected that a 
velooity-detecting system should be adversely affected by a shift or 
change of pattern, since this will eliminate some of the position-informatio~~ 
on which velocity-detection is presumably based. Also, phi movement m~ 
be generated (randomly for tachistoscopic reversal) and this me::! act as 
noise in the velocity-detection channels. 
I have observed a psychopl\}rsical phenomenon which may be 
connected with this. If the mirror system is driven with a tri-angular 
waveform to produce 100/sec movement, reversing at regular intervals, 
motion is observed up to a frequency of about 25Hz, after which only a 
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slight flickering is detectable. If a large ( 20 ) displacement is 
added at each moment of reversal, movement-sensation is lost at a much 
lower frequency, about 12Hz. Similarly with tachistoscopic reversal, 
12 Hz is approximately the limit for movement-detection. 
3.1.6. The effect of a brief standstill durine continuous stimulus motion. 
As an additional check that the brief slowing down at motion-
reversal was not the cause of any components of the VEP, the effect of 
a brief standstill during continuous stimulus motion was studied. As 
ShO~l in Fig. 3.1.17, a standstill of 5 msecs produced onlY a very slight 
VEP. This confirms the previous conclusion that the finiteness of the 
turn-round time was not important. 
It should be noted, however, that a standstill of 10 msecs or 
more did produce a relatively large VEP, and the VEP to standstill for 
20 msecs was almost identical to the motion-reversal VEP. The possible 
significance of this is discussed in chapter 5. 
This experiment was performed on only one subject. 
3. 2. Pos~ible artifacts 'lVith an idealised stimulus motion. 
The previous section indicates that the finiteness of the 
turn-round time was not responsible for any major components of the 
motion-reversal VEP. The stimulus motion can therefore be regarded as 
a good approximation to .the ideal case of instantaneous reversal. But 
artifacts might occur even with instantaneous reversal, and this possib-
ility is investigated in this section. 
3.2.1. Eye movements. 
Eye movements might be elicited by motion-reversal, and these 
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Fig.3.1.17. The VEP to a brief standstill durinG 
continuous stimulus motion. Velocity = 10 o/sec. 
See the text. 
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might contribute to the VEP in some w~. For example, saccadic eye 
movements over a stationary patterned field produce VEPs (Gaarder et al., 
1964; Armington et al., 1967; Gaarder, 1968). It is also claimed that 
saccadic eye movements suppress the VEP to pattern contrast-reversal 
(Gross et al., 1)67), (but see section 1.1 for criticism of the latter 
experiment). Now the latency of eye movements to an unexpected stimulus 
is typically about 200 msecs for saccades end 150 msecs for pursuit 
movements (e.g. Robinson, 1968), but for a periodic stimulus the average 
latency can be almost zero (Fender, 1964). It follows that a comparison 
of pattern motion-reversal VEPs under conditions of periodic and 
aperiodic stimulation should indicate whether or not eye movements are 
implicated in the earlY components of the VEP. 
Fig. 3.2.1a shows that there were no significant differences 
in the first 180 mseas between the VEPs to periodic and aperiodic 
!timuletion for motion-reversal produced by the mirror system; and 
Fig. 3.2.1b shows the same for tachistoscopic motion-reversal and for 
the control condition in which both patterns move in the same direction. 
It is concluded that eye movements do not contribute significant arti-
facts to the first 180 msecs of either kind of motion-reversal VEP. 
As a further (though less conclusive) check, the horizontal 
electro-oculogram waS monitored, and there was no indication of synch-
ronous eye movements in the raw or the averaged EOG. Synchronous eye 
movements greater than about 20' would have been detectable. 
3.2.2. Increased effective contrast. 
It is conceivable that there might be a slight increase in 
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Fig. 3.2.1. Comparison of the VEPs with periodic (continuous 
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stimulation. Electrode spacine = 3~cm. Pattern 
velocity = 10 0/sec. Each trdce is the mean of 
200 responses. The standard deviation between 
averaged responses was about 0.5 V in each subject •. 
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effective contrast at the moment of reversal even with an idealised 
stimulus, since each element of the pattern then returns over the same 
retinal area which it has just crossed. This is unlikely, however, 
since there is no corresponding subjective effect; and the VEP was 
insensitive to the time-course of reversal but very sensitive to the 
steaqy velocity before and after reversal (section 3.1). Even so, some 
experiments have been performed to investigate the possibility further. 
If such contrast enhancement did occur, one would expect a 
similar effect due to a small step-displacement against the motion, with 
no reversal taking place; but not so for a step-displacement in the sarne 
direction as the motion. Fig. 3.2.2 shows that small steps in the two 
directions gave VEPs that. were ver.y similar, though not identical. This 
suggests that if there were a~VEP components due to contrast enhancement, 
they were not large. 
This conclusion is supported by another experiment. An7 
enhancement of contrast would be due to the increased time of stimulation 
of contrast-sensitive mechanisms. At most, this time of stimulation would 
be doubled by reversal. If that produced significant contrast enhancement, 
one would expect a similar effect due to suddenly halving the velocity, 
so the VEP to suddenly halving the velocity should contain components 
due to the postulated contrast enhancement as well as aqy motion-related 
components. Fig. 3.2.3a shows that, in fact, reducing velocity from 
100/sec to 5°/sec gave a ver,y small response, especially in the first 
150 msecs after the stimulus. This suggests that the hypothesized 
doubling of the time of stimulation of contrast-sensitive mechanisms 
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does not produce significant VEP components, and is therefore not 
responsible for any major components of the motion-reversal VEPs. 
134-
It should be noted, however, that a sudden large reduction in 
velocity (25°/seo to SO/sec) does produce a sizeable VEP (Rietveld 
& MacK~, unpublished data). 
3.2.3. Statistical changes in the pattern of stimulation. 
The most obvious w~s in which mechanisms insensitive to 
direction might contribute to the motion-reversal VEP have been invest-
igated, and no indication of the activity of such mechanisms has been 
found. There remains, of course, the possibility that direction-
insensitive mechanisms contribut.e by some more subtle means not 
considered. Two further possible sources of direction-insensitive 
artifact are considered below. 
One danger of using an averaging method is that a statistical 
bias introduced by the stimulus m~ cause a significant and repeatable 
component of the averaged response. It might be thought that such an 
artifact could arise in the following w~. Let the time of reversal be 
defined as t = O. Than if the rate of change of contrast (or brightness) 
at ~ point in the field of vision before reversal is F(t), the rate of 
change of contrast (or brightness) after reversal will be -F(-t). Thus, 
at the moment of reversal· there will be· a 1800 change of phase of all 
the Fourier components. It might be argued in terms of linear analysis 
that this could produce a contribution to the averaged VEP, but it should 
be remembered that the phase at reversal will vary from point to point 
in the visual field, and for aperiodic stimulation or imperfect fixation 
.... 
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it will var,y from one motion-reversal to the next. So such an artifact 
is virtually impossible. 
One further possible source of motion-insensitive artifact 
was investigated. Consider a population of neural mechanisms with 
receptive fields of width x. If the stimulus velocity is V, then the 
time for which aQY stimulus feature lies within a partioular receptive 
x field is always V" But if motion-reversal occurs when a particular 
stimulus feature lies within the receptive field, the time of stimulation 
2x 
can be any value bejiween 0 and V with equal probability. Thus, following 
the moment of reversal there will be a cha.nge in the probability dis-
tribution of stimulation durations for the receptive fields (although 
the average stimulation duration will not be affected). For half the 
receptive fields the duration of stimulation will be increased, for the 
other half decreased. And these changes could in theory evoke components 
in the motion-reversal VEPs. 
First, consider the possible effects of the increases in 
stimulation duration following motion-reversal. Such will occur for 
no more than half the receptive fields, and in no case will 'the increase 
be more than twofold. Now 5udden~ halving the velocity will fully 
double the stimulation duration for every receptive field. Hence, the 
VEP produced by the increases in stimulation duration following motion 
reversal should be considerably less, and on a linear model less than 
half, that produced by such increases after halving the velocity, though 
c.omponenU 
there m~ be additional motion-related~in the latter. But halving the 
velocity from 100/seo to 5°/sec produces on~ a very small VEP, which 
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suggests, on the basis of the simple model above, that the effects of 
increased stimulation duration following motion-reversal are negligible. 
Now consider the receptive fields (no more than half) whose 
duration of stimulation is decreased following motion-reversal. The 
average decrease will be by a factor of two. The effect of this should 
therefore be considerably less than the effect of the decreases of stimu-
lation duration that result from doubling the velocity •. But it wes found 
that doubling the velocity from 100/8eo to 200/seo produoed onlY a very 
small VEP (Fig. 3.2.3b), which suggests that decreases of stimulation 
duration following motion-reversal produces negligible VEP. 
The above theorizing is oertainly only approximate and over-
simplified, but preoise analysis is not possible, in the present state 
of knowledge. Also, by no means all the possible w~s im which direction-
insensitive VEP mechanisms might be activated by instantaneous motion-
reversal have been investigated. One of such is discussed in sub-section 
5.2.3. 
3.3. Chapter oonclusion. 
Adaptation experiments have shown that direction-selective 
processes contribute to the motion-reversal VEPs. 
VEPs to reversal of movement were insensitive to variations 
of the turn-round time, but sensitive to the steaqr velocity before and 
after reversal. Also, VEPs to the appearance at oonstant luminanoe of 
stationary and of moving patterns were virtually identical for pattern-
appearance durations of 10 msecs or less, and a 5 msec standstill during 
continuous motion produced a very small VEP. These results strongly 
137 
indicate that the brief slowing down at reversal does not cause major 
VEP components. 
A change or displacement of the pattern at approximate~ the 
moment of reversal suppresses the VEP. A psychopqysical effect has been 
noticed which m~ be connected with this. 
Involuntary &QQQa~~Q eye movements are not epparent~ implicated 
in production of the VEPs, since periodic and aperiodic stimulation 
yield similar results. Certain other w~s in which VEP components 
might have arisen from direction-insensitive mechanisms even with an 
idealized stimulus motion have been investigated, with no indication 
of the occurrence of such components. 
The evidence presented in this chapter indicates that motion-
reversal VEPs m~ arise almost entirely from direction-selective 
mechanisms, responding by virtue of their direction-selectivity. 
CH~4 
(Results 2) 
The cha.racteristics of visual motic-n-evoked potentia.ls 
4-.1. Analysis of VEPs into different component!. 
This work has not been restricted pure~ to motion-reversal 
VEPs; motion-onset and -offset VEPs have also been studied. And all 
these VEPs have been compared with those to pattern-appearance and 
-disappearance. 
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Now Jeffreys (1971) has shown that pattern-appearance VEPs 
contain several components of different latencies, each component 
normally being manifested by a peak in the voltage-time waveform. The 
different comp'onents often have different distributions over the scalp. 
In this stuqy, attempts have been made to analyse slmilar~ 
all the different kinds of VEP under investigation, and the results are 
reported in this section. 
~.1.1. Motion-reversal VEPs. 
Motion-reversal VEPs included three main oomponent peaks, 
C1, C2, C3, but not all of these were necessari~ detectable for ~ 
one subject. The peak latencies were approximate~ 100 msecs, 120 msecs 
and 170 msecs. For lower half-field stimulation, C1 and C3 were positive 
and C2 was negative, but for upper half-field stimulation the peaks 
usua1~ reversed their polarity (Figs. 4.1.8 - 4.1.9). In this respeot 
the motion-reversal VEPs were similar to pattern-appearance VEPa 
(Jeffreys, 1969, 1970b, 1971) and checkerboard contrast-reversal VEPs 
(Hallid~ & Michael, 1970). Motion-reversal VEPs were recorded from 
the lower half-field for 38 subjects, and from the upper half-field 
1.39 
for 11 subjects, and only one anomalous subject has been found; it mqy 
be significant that this subject was about nine years old, whereas almost 
all the others were adults. 
Figs. 3.1.8,3.1.9, 4.1.1 show that the optimal velocity for 
production of C1 was about 200/sec but the later peaks were largest for 
a much lower stimulus velocity, typically about SO/sec. It can also be 
seen from the same Figs. (.3.1.8, 3.1.9, 4.1.1) that, for lower half-field 
stimulation, C1 was usually largest at electrodes anterior to those for 
which the later peaks were lareest. No differences between C2 and C.3 in 
distribution along the midline was noticed, but ve~ slight differences 
in the lateral distributions of these components did sometimes appear. 
In one subj ect l' or whom C1 and C.3 were pronounced but not C2, 
it was found that C3 was produced almost entire~ through stimulation of 
the central .30 of vision "'hereas a large proportion of C1 was produced 
through stimUlation outside the central region (Fig. 4.1.2). The 100 
field radius used on this occasion was larger than usual. (Normally, 
o 
a 4 radius field was used, for comparison with tachlatoscopic VEPs, as 
the tachistoscope was limited to 40 radius.) y The occurenoe of .. large 
early component from outside the central 30~ oontrasts with the report 
of Rietveld et. ale (1967) that the pattern-related component of VEPa 
to flash-illumina.tion of a checkerboard is restricted to en inner 20 
radius disc. But Jeffreys (personal communication) has found that the 
first component of pattern-appearance VEPs includes a large contribution 
from beyond the central 30 of vision. 
o . 
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variations in the velocity. (3ee also FiGs 3.1.8-3.1.9). 
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Fi e.4.1.2. The effects on the motion-rcvcrs~l V~'S of 
variations in the velocity ~nd the retinal area etimulatcd. 
Blockine the central retinal area selectively dininieheo 
the third VEl? component, leavinG the first CO:l:J:lOncnt 
relatively unaffected. In this subject the second (ncL:ativc) 
cO~~onent is too emall to be measured. 
'~he first com~oncnt is lar3cst for hiGh velocities, but the 
third is lareest for lower velocities. (cec Fies 3.1.8,3.1.9, 
4.1.1). 
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!t.1.2. Motion-offset VEPs. 
Motion-offset VEPs were studied much 1d!~xtensively than 
motion-reversal VEPs, in a total of 12 subjects. The VEPs to offset ware 
similar to the reversal VEPs in that they comprised three main components 
(C1, C2, C3), of which C1 and C3 were positive and C2 was negative for 
lower half-field stimulation. Stimulating the upper, instead of the lower, 
half-field usual~ reversed the polarity of the components of offset VEPs 
just as it did for reversal VEPs (Figs. 4.1.8 - 4.1.9) and in the same 
subjects. The latencies of the components were slightly longer: approlC-
imately 110 msecs for C1, 130 msecs for C2 and 190 msecs for C3. 
Figs. 4.1.3 - 4.1.5 show motion-offset VEPs for a wide range 
ot velocities. The components had similar distributions over the soalp 
to the corresponding motion-reversal VEP components (C1 was looated 
anterior to C2 and C3 which had very similar, thoUCh not quite identical, 
distributions); and, as for motion-reversal, the optimal velocity for 
production of the first peak was greater than that for which the later 
peaks were largest. But the motion-offset VEP oomponents were larger 
than those to reversal, and the optimal ve100ity for producing them was 
larger (c 500/sec for the first, and 15°/s9c for the later onu). 
As discussed Ul chapter 1, motion-offset 115 inherently more 
evoke. 
likely than motion-reversal to~a response from the mechanisms which 
produoe pattern-appearance VEPs. Such a response m83 well have contri-
buted to C1, since this component was large even for the highest ve10oities, 
though it was normally reduced slightly for increases to above about 50°/ s~o. 
Fies 4.1.3 - 4.1.5 
The effects on the motion-offset VZPs of variations in 
the velocity. 
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It is unlikely, however, that such a response oontributed to the later 
components as these were great~ reduced, and sometimes complete~ 
abolished, at the highest velocities. 
!r.i.,. Motion-onset VEPs. 
Motion-onset VEPs were recorded in the same 12 subjeots as were 
the motion-offset VEPs. But responses to onset of motion were usually 
very small at the velocities normally used ( 100/sec), so it has not been 
practicable to stu~ these in great detail. 
For lower half-field stimulation, if there wss a measurable 
response it usual~ included a positive peak at about 140 maecs and often 
a later negative peak at about 190 msecs (Figs. 4.1.6 - 4.1.7). Both 
peaks were largest for high velooities. The late negative peak was largest 
at electrodes Mterior on the scalp to those for which the positive peak 
was largest. In subject S.H. (Fig. 4.1.6) there was also a 100 msso 
negative peak (especially at eleotrode 2 for 34°/seo), but this early 
peak has not been Observed in other subjeots. 
The 140 meec positive peak increased its latency to 160-170 
msecs at low velocities (Figs. 4-.,.6 - 4.1.7) corresponding to the latoncy 
of the late positive peak in the motion-reversal VEPs (Figs. 3.1.8 - 3. 1.9), 
which is also large at low velooities and similarly distributed over the 
scalp. But, apart from this, there was usually little aimilarity between 
the VEPs to motion-onset and thoae to motion-reversal ana -offset. There 
was, however, some evidence that the VEPs to motion-reverau "ero a oom-
bination of' the separate VEPs to motion-onset and offset. It that is so, 
the apparent lack of similarity between the VEPs to motion-onset and 
Fics 4.1.6 - 4.1.7 
The effects on the motion-onDet VEPs of variations in 
the velocity. 
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-reversal is probab~ due to the predominance of the motion-offset ~lP 
Compared with the -onset VEP. 
!t.1.4. How the above VEP3 relate to each other and ~o pattern-appearnnce 
and - disappearance VEPs • 
.La) Motion-reversal and - offset YEP" and pattern-appeArance. VEPs. 
Evidence will now be presented that C1 of the VEPs to motion-
reversal end -offset arose in the same area of cortex as C1 of the pattern-
appearance VEPs, namely striate cortex (Jeffreys, 1971); and that C2 and 
C3 of the motion-reversal wad - offset VEPs arose in the same area or areas 
of cortex as C2 and C3 of the pa.ttern-appearance VEPs, probably extro.-
striate cortex. 
The main evidence for this is based on the relative distri-
bUtions of the different VEP components. In all subjeots, for both uppor 
and lower half-field stimulation, the C1' s of all three kina., of VEP 
(motion-reversal and -offset, and pattern-appearance) had inJistinguiehublG 
distributions. Similarly the C2's and the C3's. The distributions ot 
C2 and C3 were quite similar, but in some cases there seemed to be alight 
differences. The distribution of C1 was usually distinctly different 
from that of C2 and C3. 
For example, in subject M.S. (Figs. 4.1.8 - 4.1.9) all three 
kinds of VEP contained three main oomponent peaks, each of whioh exhibited 
polarity reversal between upper and lower half-field stimulation. In all 
three VEPs C1 was positive, and largest at electrode 5, for lower hMlf-
field stimulation; and negative, and largest at about eleotrode 1 or 2, 
for the upper half-field. In all three VEPs C2 was negative and largest 
Fies 4.1.8 - 4.1.9 
Motion-revers:11 and -offset VEl's and pattern-appearance 
VEPs for lower (FiC;.4.1.8) and upper (Fig.4.1.9) 
half-field stimulation. 
For motion-reversal and -offset, velocity = 10 0 /sec. 
The duration of pa ttern-appearanc e was 40ms ecs. 
For this subject, all three components of all three 
kinds of VL~ exhibited polarity reversal between 
conditions of lower and upper half-field stimulation. 
Components of the three kinds of VB:£' which rOUGhly 
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distribution over the scalp. This was true for both lower 
and upper half-field stimulation. 
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at electrode 2 (lower half-field); or positive and largest at eleotrodes 
4, 6 and 8 (upper half-field). C3 was of opposite polarity to C2 and 
similar~ distributed, except that for upper half-field stimulation it 
was small at electrodes 7 and 8, where C2 was comparative~ large. The 
pattern-appeer~~ce VEP was always larger than the others, however. 
The fact that the nth (n • 1, 2, 3) components of the three 
kinds of YEP had similer distributions over the scalp and sensitivities 
to change of retinal area suggests that the underlying neural lI1echaniams 
were similer~ located. Slight differenoes 10 distribution between C2 
and C3 suggest that the looations of the underlying mechanisms, although 
similer, were probably not identioal. 
Now the careful work of Jeffreys (1970b, 1971, and unpublished 
data) indicates that in pattern-appearanoe VEPs, C1 originates in striate 
cortex, and C2 in extrastriate (see sub-section 1.1.4). It would seem, 
therefore, that C1 of both the motion-reversal and - offset VEPs originates 
in striate oortex, C2 and C3 in extrastriate cortex. 
Now it is likely that variability in the topographY of the oortex 
(Polyak, 1957) is one of the main causes of inter-individual d1t'ferences 
in VEPs (Jeffreys, 1971), so if the postUlated similarities in spatial 
looation exist, one would expect there to be positIve oorrelations between 
the amplitudes of the corresponding oomponents of the different kind" of 
VEP for different subjects. 
This was tested for 13 subjects, oomparing pattern-appearonoe 
(40 msec exposure) VEPs with 100/seo motion-reversal VEPs. Motion-offset 
VEPs were not studied in this test. 
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Peak amplitudes were measured from the baseline. Overlapping 
of components was probablY not great at the peaks, but ita existenoe 
cannot be neglected. The standard deviation of the averaged WPa (200 
samples or more) was usually less than O.5~V. 
Table 4.1.1 shows that there was indeed a significant (p<:O.025) 
positive correlation between the amplitudes (Ai, A2, AJ) of each of the 
pairs of component peaks (C1, C2, C3) of the two kinds of Vl~P (rigs. 4.1.10 
4.1.12); also between A2 andJJ for motion-reversal, and between A2 for 
motion-reversal and AJ for pattern-appearance. Nearly significant 
correlations existed between A2 for pattern-appearance and ~ for both 
motion-reversal and pattern-appearance. There was no evidence, however, 
of even weak correlation between Ai of either VBP and the amplitude of 
any later component. 
There appears then to be correlation between A2 o..nd A3 of the 
two kinds of VBP (in all combinations) and alao between the Ai's; but not 
between 11 and the later oomPc:tnt amplitudes. This supports the prevlou3 
conclusion that the similarities of scalp distribution of the first c~­
ponents on the one hand, and the later components on the other, refleot 
similarities in location of the underlying mechanisms. The faot that 
oorrelation between A2 or A.3 of the two kinds of VEP was greater thlul that 
between 1.2 of one VEP and A.3 of the other mnY' oorrespond to the faot that 
there were slight differences in distribution between C2 and C3. llut this 
apparent correspondence m~ be due to ohance. 
In fact, the main limitation of this study l'Ioos the smull she 
(13) of the sample, resulting in large standard deviations of the oalcula.ted 
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correlation coefficients. 
The calculated correlations would presumably have been higher, 
however, were it not for the presence of residual noise in the averaged 
VEPs. Overlapping of VEP components, though not great, prob8b~ also 
tended to reduce the calculated correlations. Also, the third component 
of the pattern-appearance VEP appeared to be a compoaite phenomenon, 
.Ii. probably comprising several sub-components including a pattern~ppoarance 
VEP component, as noted also by Jeffreys (1971). 'l'hi8 sometimes made it 
difficult to identify the main pattern-appearance-related third component • 
.lb) Motion-onset VEPs and pattern-disappearance VEPs. 
It has been demonstrated that the VEPs to motion-reversal and 
motion-offset were similar to patt.ern-appearance VEPs, but ulotion-onset 
VEPs were very different. Fig. 4.1.13 illustrates a motion-onset YEP with 
a prominent 140 msec positive peak, oompared with the YEP to pattern-
disappearance, which also had a prominent 140 mseo positive peak, with 
a very similar distribution over the scalp. The a:nplitude of this peak 
increased with velocity, and it was large even at the highest velooity 
used (900/sec) (Fig. 4.1.6 - same subjeot ; and 4.1.7). This all suggests 
that the 140 msec positive peak in the motion-onset VEP, or even the whole 
VEP m~ have originated in the mechanisms responsible for pattern-disappear-
ance VEPs; but that possibilIty has not been Invost1gateJ 1n detail. 
c VEPs to motion-onset - offset and - rever~nl. 
There is some evidence, however, that for m~dium or olow 
velocities (<.20 o/sec) the motion-onset YEP arose hrgely in mochanism:s 
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which also contributed to the motion-reversal VEPs. For, in subjects 
who gave a measurable VEP to motion-onset, it was usually four!d that 
components of similar latency, polarity and distribution wore common to 
the motion~onset and motion-reversal VEPs (Figs. 4.1.14 - 4.1.15). Indeed, 
in such cases the motion-reversal VEP was sometimes ver,y roughly equal 
to the sum of the onset and offset VEPs (same Figs. 4.1.14 - 4.1.1~). 
Fig. 4.1.16 illustrates a case for which this was tru~ ovor the velocity 
range 2.9 to 160/ 8 ec; but it was not true for higher velocities (~ 900/8eo) 
as the motion-reversal VEPs were then very snlall indeeJ, lIhoreas tho onset 
and offset VEPs contained large components which did not c~lcel out whon 
the VEPs were added to[;ether. r:or ?,-as it true for all subjects; ~lJ in 
many cases the motion-onset VEP was so s:nnll tha.t the equa.tion: n onset 
VEP + offset VEP=reversal VEP" arnounted to no mora than a stateluout of 
olose eimilarity between offset and reversal VEPs, a fact that has alrea.dy 
been noted. 
4.2. The effect of v~inc certain parameters. 
4.2.1. Rrir,htness. 
Motion-reversal VEPs were reoorded for various brightness 
levels (Figs. 4.2.1 - 4.2.2), but were found to be not very dependent 
on this perameter over the range investigated (-0.7 to +1., loe. ft. lamb). 
The peaks did tend to increase in latency (a.bout 5 msso per 10e. unit) as 
the brightness was reduced, however; and at tho lcw~~t lQvel uaed (-0.7 
log. ft. lrunb., epproximate~ the lower limit of the photopic rongo), 
the YEPs were distinctly reduced, especlal~ the later compononts. AlDo, 
there were some differences in waveform between VEPs recorded at different 
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brightness levels even well into the photopic range (e.g. Fig. 4.2.2, 
electrode 2), but such differences were never ve~ gre~t. This experi-
ment was performed on three subjects, with similar results fa- onch. 
4.2.2. The sharpness of the bOW1dary of the visuAl field. 
In view of the discovery by MacKay & Rietveld (1960) that the 
proximity of a stationary reference line enhances tho V~P to onset of 
motion of a stimulus line, it might be expected that the sharp contours 
comprising the edge of the visual field would in1'luence the VEPa to 
onset, reversal and offset of motion of the noise pattern (see section 
1.2.4). As a control experiment, a photogrQphical~ blurred aurrowla 
to the visual field was used. This change did not affect the Vlll)" 
(Fig. 4.2.3), so it is concluded that the field surround dld not exort 
any major reference contour influence on the VEPs. Thb e>:periment 'fras 
performed on four subjects, with similar results in each case. 
The above finding need not contradict MacKa,y &: Rietvold's 
(1968) report that a reference line enhances the VBI' to motion-onset, 
because the experimental conditions are different. In partioular, they 
found that the reference line effect was limited to within 10 of the 
reference line, and such a localised effect might 'fr.ll not have been 
noticeable under the condition.s of tho present series of e:xperimenh; 
for on~ a small proportion of the stimulated visual field was within 
1
0 (horiz ontally) from a near-vertical surrowld-e~e and only vurt lcal 
oontours would be expected to exert a reference-line effeot u tha motion 
was horiz ~ntal. 
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PiG.4.2.3. The effect of repL.l.cinc; tlw olK:.rp 
field surround normally used with a blurred ourround 
(4 radius, lower half-field in c2.ch C;l;1C). 
'fhere is no significant chn.nce in thl3 V";;l'n. 
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h.2.3. Superimposed steady velocity. 
The effect of superimposing a steady velocity on the reversing 
waveform is illustrated (Fig. 4..2.4.) for one subject. AIS one would. 
expect, the 50/ sec motion-reversal VZP was gradually transformed into 
a 100/ sec onset or offset VEP, as the stea~ velocity in one of the 
two horizontal directions increased. Large superimposed volocities 
greatly reduced the YEPs and modified the waveform. These effects were 
investigated in four subjects, with similar results frOID each. 
Rietveld & MacKay (personal communication) invutigated. the 
effects of larger velocities (± 5, ± 10, ! 15 o/aec) superimposed ~l a 
reversing 100/sec motion. Both the forms and the magnitudes of the V~s 
were strongly dependent on the superimpolSed velocity. Hence they C011-
cluded that the VEPs "do not reflect the stepwise velocity ch~ge as 
such". My results certain~ corroborate this conolusion. 
4.2.4. Direction of motion. 
The YEPs to onset, reverlSal and offset of motion were not 
total~ independent of the direction of motion, but the dlreeticnal 
differences were quite small (Fig. 4.2.5). The differences wore m81n~ 
in the amplitudes of the components. the basic waveform rtl1l1a.1n1ns the SOlne 
for all the directions investigated. This experiment WIAS carrie.! out 1n 
two subjects, with similar results in each ca5e. 
Diagonal directions were not investigatod in tho present invut .. 
igation. But Rietveld & MacKay (1968) compared VEPa to the rever ... l of 
motion of a line raster for eight different diroctions of stimulus motion. 
and found no significant dependenoe of the Vl::P on the dlroct!N\. In this 
superimposed e.lec.hode I ve(O(,jt~ (~) 
-
-7/secL 
S.M. 
27/l/71 
Ref. 
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Velocity = 10
0
/30C. Visual field: 2.5 r~dlu3,wholu field. 
(Whole-field stimUlation wa3 used bE.;cuu~e lower h,llf-fil,;ld 
stimula tion Would involve a hor! zont,ll cdC\;; throuGh ttl 0 
centre of vision which micht affect the V.::.J'~ to vL:rtlc,l.l 
and horizontal motion differently.) 
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respect motion-reversal VSPs seem to differ from the VZPs to grattng-
alternation reported by Maffei & Ca:npbell (1970), as the la.tter VEPs 
were greater for vertical or horizontal bars than for oblilue bars. 
4. ?5. Pattern. 
Noise was used as the stimulus pattern in most experiments, 
for the reasons stated at the start of chapt~r ,. In a few experiments, 
however, other patterns were used as wall. 
In fact, a checkerboard pat tern (13' checks ize) te!\d e d to 
produce motion-onset, offset and reversal ~...Ps fairly s1 milar in torm 
and amplitude to those produced by visual noise; but lino rasters (21' 
period) produced VEPs different in form, and smaller in Amplitude for 
motion-reversal and offset, but apparently slightly larger for rr.otion-
onset (Figs. 4.2.6 - 4.2.7). It would have been sensible to stuqy the 
effects of incorporating breaks in the line rasters, but this w~s 
regrettably not done. 
The effects of varying check size (Fig. 4.2.8) were investigated 
in four subjects. The optimal size of check varied beheen subjects 
and increased with velocity, and it was different for different vtP 
components; but for velocities between 3 and 200/soo the optimal check 
size was always between 10' and 40', in onset, offsot and reversal WPs. 
These values a:re similar to those obtained for flashed pattern .timul-
ation, for which the optimum check size is typioally 10' - 20' (Rietvold 
et al., 1967; Harter & White, 1970). 
Rietveld & MaCK~ (1969a, b) reported a double negative peak 
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(93, 107 msecs in their figure, 1969b) for checkerboard motion-reversal 
(see Fig. 1.1.2), but such an effect was never ob~erved in the present 
experiments (e.g. Figs. 4.2.6 - 4.2.8). Yet the combination 01' speed 
(120/sec) and pattern size (19' checks) for which their double peak WQS 
most apparent was used in the present series of experiments for n1na 
subjects. The discrepancy could be due to differences in exporimental 
set-up. In particular, Rietveld & MacKay used 90 radius whole-field 
stimulation, whereas most of the checkerboard-motion experiments in tho 
present series involved 2.50 radius lower half-fields. 50 radius whole-
fields were used, however, for two subjects (including FiS. 4.2.8), but 
this is still substantial~ different from the field size used by 
Rietveld & MacKey. Also, the latter did not find their double-peak 
effect in all subjects (Rietveld & MacKay, unpublished data). 
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CHAPTER 5 
Concluding discussion 
5.1. Comparison between the present results and the related data of other 
Investlgators. 
In the previous chapters, the present results have, to some extent, 
been compared with the related data of other investigators; but a few further 
oomments are required. 
The pattern-appearanoe VEPs reported in this thesis differed in 
no w~ from the published data of Jeffreys (1969, 1970b, 1971). 
There were, however, marked discrepancies between ~ ~ork and 
that of Rietveld & MacKay (1969a, b and unpublished data), probably beoause 
of the large differenc/es in visual field in the two 0 asu. 
In addition to the discrepanoies referred to previously (3.2.2, 
4.2.6), the following must be mentioned. 
(i) Rietveld & MacKay (unpublished data) fotmd that the Illotion-oneet 
and -offset VEPs were substantially smaller than the motion-reveru.l VEra, 
and very different in waveform. This oontrasts with ~ finding that th$ 
main components of the motion-offset VEPs were frequent~ larger than thoae 
of the motion-reversal VEPs, and the waveforms were similar 1n each oa~e 
(although very different for motion-onset). 
(ii) Rietveld & MaCKay (unpublished data) found that the motion-reversal 
YEPs (peak-to-peak amplitude of largest components) incre&!od monotonicallY 
1n amplitude as the velocity increased from 1.5 to 15°/aeo. (The stimulua 
pattern was visual noise.) I found that this was true for C1 (positive 
for lower half-field stimulation, latency 100 meeos), but that the later 
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components decreased as the velocity increased above about 8/seo. 
( iii) Rietveld & MacKB3' (1969b) reported that the latency of pattern-
appearance VEPs, but not of motion-reversal VEPs, varied over the scalp. 
Using lower half-field stimulation, I found no variation of the latency of 
either kind of VEP over the scalp; but using whole-field stimulation, I 
observed latency variations for both kinds of VEP (cf. the findings of 
Jeffreys referred to in 5.2.2). 
As alreaqy stated, all these discrepancies m~ be the results of 
differenctes in the visual field sizes used (8iO radius whole-field - Rietveld 
&: MacK~; 30 lower half-field - Jeffreys; 40 lower half-field in ~ own 
experiments). Differences between the grain-sizes of the visual noiae patterns 
Used may have been an additional factor in causing the seoond discrepancy 
above (different effects of var,ying velooity). 
Despite these disorepanoies (which are only to be expected since 
the eXperimental conditions were different) there were a number of pointa 
on which my data agreed with that of Rietveld &: l4acKa.Y (1969&, b). 
( i) VEPs to motion-reversal and to pattern-appearanoe had very similar 
waveforms and distributions over the soalp (4.1.4). 
( 11) The VEPs were large~ independent of the brightness exoept at the 
lowest brightness levels (4.2.1). Even here there was aome discrepancy, for 
Rietveld & MacK~ (unpublished communication) found that this ceased to be 
true for brightness levels of 0.25 log. ft. lamberts or below, ~h~r •• s I 
found it to be true down to -0.2 log. ft. lambertB. The cause of the dllcr.p'" 
ancy is unknown. 
MarShall &: Harden (1952) and Dawson et ale (1968) also found thfllt 
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the VEPs to moving stimuli were not greatly affected by the brightness level. 
(ii~ The final conclusion of Rietveld & MacK~ (1969a, b) that the 
mechanisms underlying pattern-appear~~ce VEPs and motion-reversal VEPs are 
not identical s~gests that direction-selective mechanisms contribute to 
the latter. My data support such a conclusion. 
2.2. General discus~ 
2L2• 1• Are motion-reversal VEPs produced by direction-selective mechanisms? 
The conclusion of chapter 3 is that the motion-reversal VEPs were 
prob8b~ produced large~ through the activity of direction-seleotive mech-
anisms responding by virtue of their direction-selectivity. The evidence 
for this is divided into three sections. 
(i) The fact that the motion-reversal VEPa were differently affected 
by adapting motions in opposite directions shows that direction-seleotive 
mechanisms contributed to the VEPa to some extent at least (3.0). It 1a 
diffioult to avoid this conclusion, but the adaptation experiment oertain~ 
does not show the extent to which direction-selective mechanisms oontributed. 
(i1) Evidence has been presented that the 5 meeo turn-round time was 
effectively instantaneous (3.1). This is what one would expeot, as the 
maximum discrepancy between the aotual waveform of reversal and the theor-
etical waveform of instantaneous reversal was vary small: about 0.6' for 
10
0
/ sec motion, and proportionate~ more or leas for larger or smaller 
velocities. 
The strongest evidenoe that the finltenesa of the 5 mseo turn-
round was not'important lies in the fact that the YEP! were ver,y aensitive to 
the steaqy velocity before and atter motion-reversal, but insensit1ve to the 
179 
actual time course of reversal. It might be argued that increasing the 
turn-round time above 5 msecs did not affect the VEP because the effects 
due to the finiteness of the turn-round time had already reached saturation 
at 5 msecs. This argument is inherent~ unlike~, however, as the pattern-
appearance VEPs required a much longer duration before saturating, as did 
the YEPs to a brief cessation of motion; and it does not explain the fact 
that the VEPs to reversal at 90°/ seo were very small, even when the time-
course of motion near the moment of reversal was made similar to that for 
8
0
/ 8ec motion. For example, one would expect direction-insensitive contrast-
detectors to respond very much more strongly to the temporary stopping of a 
90°/ sec mOVing noise pattern (which appears very blurred) than to the stopping 
for a similar duration of a slower (10°/ sec) moving noise pattern. 
These conclusions are supported by the fact that a 5 ruseo cessation 
of motion produced very little VEP. And even the slight response which did 
occur to this stimUlus may have been caused by motion-deteotors responding 
to the ohange in velocity. 
The fact that VEPs to brief (10 msec) presentations or stationary 
and of moving (8 or 100/sec) patterns were similar is muoh weaker evidenoe. 
It suggests that the contrast-sensitive mechanisms underlying the VKPa 
reqUired more than 10 msecs to discriminate between the etationary and the 
mOVing patterns, implying that these mechanisms would not be affected by a 
very brief (<: 5 msec) slOwing down of a moving pattern. That is not neeeso. 
arily Valid, however, for there is no logical reason wl'\Y a meeho.nbln tthould 
not respond almost identically to two inputs, 'a' and 'be, but still be 
sensitiv t 
e 0 a change from input 'a' to input 'be. Even so, this l1no of 
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evidence does indicate that it is unlikely that contrast-sensitive mechanisms 
should respond significantly to the brief slowing down at reversal, which 
Supports the stronger evidence mentioned previous~. 
The fact that tachistoscopio motion-reversal gave a reduoe~ v~p 
is no evidence against the above conclusions, as a step-displaoement 20 mseo 
atter the moment of mirror-produced reversal produoed similar suppression 
without affecting the turn-round waveform. The signifioance of this effect 
is briefly discussed in section 3.1.5. 
( iii) Finally, the possibility has been considered that direotion-
insensitive mechanisms might be activated even by instantaneous motio%~ 
reversal. 
The fact that the motion-reversal VEPs were identical for periodio 
and aperiodic stimulation would seem to be a strong argument against eyo 
movements being implicated in the production of the VEPs. 
The investigation of possible VEPs due to oontrast-enhanoement 
during instantaneous reversal is less clearcut, as is the following section 
on statistical changes in the pattern of stimulation. The difficulty here 
is that not enough is known of' the underlying processes to permit preohe 
formulation of the ways in which contributions from direction-insensitive 
mechanisms might occur. All that can be said is that none of the a~nltte~ 
simplistic tests which have been performed gives oausa to suspeot any signif-
icant contribution from direction-insensitive mechanisms • 
• 2.2. What are the 1m lications of the close simtlarit of the vr~P8 to 
ELotion-reversal, motion-offset and pattern-appearunoe, and of the VKPs to 
motion-on t 
- se and pattern-disappearanoe? 
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The above evidence suggests that the VEPs to motior~reversal 
reflect the activity of direction-selective mechanisms. Also, the faot 
that all but the first peak of motion-offset VEPs are abolished for very 
high stimulus velocities suggests that at least the later components of 
these VEPs are similar~ the product of direction-selective mechanisms. 
Nevertheless, the close similarity of the VEPs to motion-reversal, motion-
offset and pattern-appearance implies that close~ related mechanisms are 
probably involved in all three oases. Likewise it would appear that olosely 
related mechanisms underlie the VEPs to motion-onset and pattern-disappearanoe. 
These similarities are, perhaps)surprising~ and it must be admitted 
that the most natural interpretation would be that the VEPs to ooset and 
offset of motion are caused large~ by the resulting disappearanoe and 
appearance (respectively) of stationary pattern; and that the movement-
reversal VEP is caused by a brief appearance of stationary pattern at the 
moment of reversal. But, as argued above, it is hard to explain on thla 
view wGy only the first component of the motion-offset ~Ps remains at high 
('V90o/sec) velocities, and nor why the motion-reversal VEP ia greatly 
reduced at high velocities even when the turn-round time is inorea3ed using 
a low pass filter. 
Nevertheless, it does seem likely that, in Borne w~, meohrmisms 
sensitive to stationary patterns (and perhaps inhibited by moving ones) are 
at least partly responsible for the motion-onset and -offset VEP3 (nlotion-
onset corresponding to pattern-disappearance, motion-offset to patteru-
appearance) • 
Perhaps the simplest explanation of the similar 1 ty between motion-
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reversal and pattern-appearance VEPs would be that motion-reversal causes 
the onset of stimulation of pattern-detectors sensitive to one direction of 
motion and the simultaneous offset of stimulation of pattern-deteotors 
sensitive to the opposite direction. The resulting combination of VEPs 
would, if the interaction were not too gross~ non-linear, probablY resemble 
pattern-appearance VEPs, but would also include a smaller pe.ttern-disappear-
ance component; the latter might correspond to the apparent contribution of 
motion-onset mechanisms to the motion-reversal VEP (4.1.4), as motion-onset 
VEPs resemble Pattern-disappearance VEPs. But this is all hig~ speculaU va, 
and the situation is no doubt much more complicated in reality. 
5..2.3. An alternative hypothesis. 
One more possible source of motion-reversal VEPs must be considered, 
however.. Many neurones in striate cortex of awake monkey respond with a 
maintained discharge to a stationary stimulus, but some of these respond 
much less strongly to a moving stimulus (wurtz, 1969a). It is likelY that 
the latter effect is produced by inhibition from movement-sensitive mechanisms. 
Now, in man, perception of the movement of a noise pattern moYir~ 
to and fro is VirtuallY lost if the frequenoy of alternntion is above about 
25Hz, which suggests that the movement-detecting system integrates with a 
time-constant of the order of 20 msecs. (20 rosecs corresponds to a cut-oft 
frequency of 8Hz.) It is possible that the qypothesized movement-sonsitive 
mechanisms inhibiting stationary-stimulus-detecting units in monkey would 
exhibi . 
t a similar time constant of integration. If so, the movemont-induced 
inhibition would integrate to zero very soon after the moment 01' revvraal 
of moti f 
on 0 a stimulus pattern, permitting a response from the stationary. 
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stimulus-detectorSj and similar mechanisms could be responsible for pattern-
appearance VEP s in man. 
This hypothesis is not contradicted by any of the experiments 
reported in this thesis. Even the modification of the motion-reversal ViP 
by a unidirectional adapting stimulus is compatible with it. The reduction 
of VEP at high velocity would be expected, as there would then, presurnnb].y, 
be no inhibition to be released during motion-reversal. 
The qypothesis would explain the suppression of the motion-reversal 
VEP due to a step-displacement within about 20 msecs of the moment of reversal, 
as the step could produce an added burst or activity in the movement-detectora 
which would inhibit the stationary-pattern-detectors. The fact that greater 
suppression is produced by a step-displacement after the moment of revorsal 
than by one before is correotly predicted. 
Again, the very close similarity between the motion-rever~al ~~P 
and the VEP to a 20 msec stopping of the stimulus during continuing OlOUon 
(Fig. 3.1.17) would also be explicable. 
The hypothesis could be extended to account for VLPs to moti~ous8t 
and -offset. Assuming that the latter originate in the hypothesized atatl~l~_ 
stimUlUs-detectors, the hypothesis would account far the faot that the ~~Pa 
to motion-reversal, motion-offset and pattern-appearsnce are similar; ~d that 
those to motion-onset and pattern-disappeara.nce are similar. 
It is correct~ predicted that V"~8 to tho appearance of mov1n~ 
patterns are smaller than those to the appearance of stationary one" and 
that the difference is large for appearance-durations above about 20 m,ecs. 
For low velocities, the reduction is muoh less for C1 than for C2 and C3, 
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and this could explain why the optimal velocity for production of C2 a.."1d 
C3 in motion-reversal and -offset VEPs is lower than fer the production ~ 
C1. 
It should be noted that although the YEPs to the onset, reversal 
and offset of motion are, according to this hypothesis, generated in mech-
anisms responsive to stationary contours, the production of the VEPs i~ 
nevertheless dependent on the activity of motion-sensitive mechanisms. 
Whether the latter are direction-selective is not relevant to tha hypothuh. 
It is, of course, highly speculative, and probab~ oversimplified; 
but it does seem to account for all the experimental data. 
2:3. SUggestions for further rasearch. 
A substantial weight of evidence has been presented indicating 
that the finiteness of the motion-reversal turn-round time is not responsible 
for any major components of the motion-reversal VEP. But the possibility 
that instantaneous motion-reversal might activate d1rection-ins~nsitivQ VEP 
mechanisms has been less extensivelY investigated and cannot be ruled out. 
Indeed, one hypothesis as to how this might ocour has been outlined above 
(sub-section 5.2.3). The extent to which motion-reversal VEra reflect the 
activity of direction-selective mechanisms is therefore not yet conclusiv8~ 
established; for motion-onset and -offset VEPs the matter 1s still less 
oertain. Therefore more work on these questions 1s required. 
The hypothesis outlined in sub-section 5.2.3 1s testable. It 
implies that the reduction of pattern-appearance VEPs if th~ pattern is 
moving, rather tnan stationar,y, is part~ due to the aotivity of inhibitory 
mechanis i i 
ms, and not merelY to subjective blurring oaused by tho mot on. Th a 
could be investigated by studying pattern-appearanoe VEPs for stationary 
and moving patterns, varying the velocity, the focus, and the appearanoe-
duration. 
The interesting psychoPlvsical experiments on aaturaUon by Sekular, 
Pantle and others (see sub-section 1.2.1) suggest useful correlative VEt 
experiments. It was found that the cnntrast thresholds for moving bare ~er. 
appreOiably raised by the previous viewing of eimilarly oriented bars movinS 
in the same direction, but not to the same extent if th~ bars were etati0l11u"y 
or mOVing in the opposite direotion (Pantle & Sekular, 19(9). It would b. 
interesting to investigate whether oorelative effecta were caused 1-y the 
pre-exposure of stationary and moving patterns cn WPs to the eudJen app4Ju-
anoe of a moving pattern. (I did carry out a preliminary txt'orimen t Ol~ t hl5, 
Using noise patterns. The results indeed showed a reduction in VKP due to 
a pre-exposed pattern moving in the same direotion as th~ stimulus pntt.rn, 
but no reduction for one moving in the reverse direction or Itat1onary.) 
Pnntle &: Sekular (1969) interpreted their results .. 1nUeating tho 
eXistence of two different classes of element, one (00) sensitive to the 
direotion of motion, the other (OS) sensitive onl,y to the oritlnht1(11l C't tho 
stimulus bars. The fact that the hYpothesized DO elemonte aPPokred to ~d 
mUch less sensitive to contrast thall the 03 elemonta nucgesh anolhl'U" poulblo 
correlation between VEPs and psychophysics; but it shoulll be adJo-t that 
Rietveld & MacK.a.v (1969a. b) did oompare VEPa to motiou-reverat.l olld p,ttorn-
appearance, and found that both were very sensitive to reduotion. ill oont.r •• t 
(see seotion 1.1.5). 
The present thesis haa been restrioted to motion in (\1\0 dhll'~ns1on. 
1C6 
The next stage would be to stu~ transitions from motion in one dimension 
to motion in another. I did in fact 8tu~ this very superficlal~, using 
the mirror system combined with a rotating disc in the projection plane to 
produce a transition from top-left-to-bottom-right motion to top-right-to-
bottom-left motion. This produced a VEP similar to a motion-reversal YEP; 
but tachistoscopic switching from one direction of motion to a perpendicular 
one tended to produce a larger'VEP than did tachistoscopic motion-reversal. 
It would also be interesting to stuqy VEPs to moving stimuli in 
the periphery of the visual field, for the extreme periphery of vision (in 
man) is especia1~ sensitive to movement and the after-effect of seen motion 
is described by subjects as "more Violent" in the periphery (Wohlgemuth, 1911). 
The results presented in this thesis are sufficient~ firm and detailed to 
constitute normative data for central vision against which the data for peri-
pheral vision could be compared. 
1C7 
Appen~ix 1. Determination of the time constant of the low pass ftlter 
required to transform the time-course of reversal of 900/seo motion to be 
approximately the same as that of eO/8ec motion with no filter. 
Denote time :I t, velocity :I vet). 
The time-course of reversal will be approximately tha same, within 
a few msecs of the moment of zero velocity, in all cases far ~hich the rat. 
of change of velocity at the moment of zero velocity (~ ) is the samo. 
. ( (V.o» 
We first determine the relationship between Vet), the atea~ Talooity Vo, 
and the filter time constant T. 
Consider a perfect system for generating mot10n-rever~al: before 
reversal, V • -Vo, changing instantaneously to +Vo at the moment of reTeraal. 
If a step function from 0 to 2a at time t • ° 18 passed through 
a low pass filter (time constant T), the output is 2a( 1 - e-~~h. 
Hence, if the input is from -a to t a, the output is 2a( 1 - .. -t.<i-) - • 
• • ( 1 ... -t.f) 
Similarly, when the low pass filter is placed in the motion-oontrol 
system, the velOCity step from -Vo to +Vo becomes: 
so 
v( t) = Vo( 1 - 2e -t!r ) 
dV( t) 
dt 
= .:!'1.!2 e - t~ 
T 
But when V( t) = 0, e-t/T :I ~ 
and hence, dV :I !.2 
dt( t = 0) T 
( i) 
(from (1» 
Now the system with no filter added behaved npproxlalately 11ko a 
perfect system with a filter of ·1.6 meeo time oonstwlt added, but th1s m~ 
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be neglected when a substantially larger filter is added as well. 
Hence the filter time oonstant required to produce the same 
~ (t = 0) for 90 0/8ec velocity, as for 80/seo velocity without the filter 
dt 
is (from equation (II»: 
= 1.6 msecs x 90 0/5eo = 18 msecs 
,..... 8°/seo 
REFERENCES 
AMASSIAN, V.E., WALLER, H.J. & J..lACY, J. Jr. (1964). Neural mochluli!Jms of 
the primary somatosensory evokedpotentia1. Ann.N.Y. ACE1'~~.' 
ill, 5-32. 
ANDERSCN, K. V. & SYMMES, D. (1969). The superior colliculus and high~r 
functions in the monkey. Brain Res. j2, 37-52. 
ANSTIS, S.M., GREGORY, R.L., RUDOLF, N. de M. & ~:ACKAY, D.M. (1963). 
Influence of stroboscopic illumination on the after-effect of ~oen 
movement. Nature 199, 99-100. 
ANSTIS, S.M. & MOULDEN, B.P. (1970). After-effect of seen movemnntz evidl'uoe 
for peripheral and central components. Q. Jl. expo Psychol. ~, Z2~-Z~? 
ARDEN, G.B. (1963). Complex receptive fields and responses to moying 
objeots in oells of the rabbit's latera1 genioulate body. J. rh;rs\('Il. 
~, 468-488. 
ARDEN, G.B. IKEDA, H. & HnL, R.M. (1967). Rabbit visual cortex: roao tl on 
of cells to movement and contrast. Nature ill. 909-912. 
ARMDlGTCN, J.C., GAARDER, K. & SCHICK, AM'!, M.L. (1967). Va.riaU(ln of 
epontaneous ocular and occipital rel'!ponses with stimulus pIlH,\rt.s. 
J. opt. Soo. Am. 21. 1534-1539. 
ASEL1'n,'E, J .A. (1958). Transform Method in Linear System Analya h. t:ew r (lrlq 
McGraw Hill. 
BARLOW, H.B. & BlUND.LEI. G.S. (1963). Inter-ocular transfor of movemont 
after-effects during pressure blinding of the stimulated eye. t:atul". 
~, 1347. 
190 
BARLOW, H.B. 8; HILL, R.M. (1963a). Selective sensitivity to direction of 
movement in ganglion cells of the rabbit retina. Sci.ence N .r. 1)2, 
412-414. 
BAP.LOIV, H.B. & HILL, R.M. (1963b). Evidence for a pl\YsiC'log ical exp1ruut ton 
of' the waterfall phenomenon and f'igural after-effectd. Nature~, 
1345-1347. 
BARLOW, H.B., HILL, R.M. & LEVICK, W.R. (1964). Retinal ganglion cella 
responding to direction and speed in the rabbit. J. FhYaiol. !1!, 
377-4!)7. 
BARLow, H.B. & LEVICK, W.R. (1965). The mechanism of' directionally .. hetiv. 
units in rabbit's retina. J. Pgysio1. ill, 477-504. 
!ARLOW, J.S. (1964). Evoked responaes in relation to visual perception ttnJ 
oculomotor reacti~n times in m~. Ann.N.Y. Acad. Sci. 111, 4,~-467. 
BARLOW, J .S. & CIGM'EK, L. (1969). Lambda, responses in relation to visual 
evoked responses in man. Electroenceph. clin. Neuropt\Yatol • .::£, 1e.'-'9~. 
BAUMGARTNER, G., BR OWN, J. L. & SCHULZ, A. Visual motion Jeteetlon in 
the cat. Science, N .Y. ill, 1070-1071. 
BEATTY, J. (1969). Some further studies on the effect of grouVing ehtlumh 
of a visual stimulus on the cortical evoked potential. forQ.p. ?!)r.<'I.~" 
~. ,§., 373-378. 
BEATTy, J. &: UTTAL, W.R. (1968). The effech of croupuJ.t; vhuslaUnlul1 
on the cortical evoked potential. Psychopgys.!t, 214-216. 
BEELE~, G.\V. (1967). Visue.l threshold changes rosultll.g from aponhnvowa 
saccadic eye movements. Vision Res. 1, 769-775. 
~IDER, M.B. & TEUBEn, H.L. (1949). Disturbancos in visual porC.ptl~l 
following cerebral lesions. J. Psychol. 28, 223-233. 
191 
BICKFORD, R.G., JACOBSON, J.L. & CODY, R.D.T. (1964). Nature or avoraged 
evoked potentials to sound and other stimuli in man. In llC:!,I.!· ... '\, R. 
(Ed.), Sensory Evoked Response in Man. Ann. N.Y. As.f!.~. Sci •• 112 •. ~·t. 1., 
204-223. 
BLAKEMORE, c. (1970). The representation of three-dimensional vhual. apace 
in the eat's striate cortex. J. Pgysiol. 202, 15)-17C. 
BLAKEMORE, C. & CAJIPBELL, F.W. (1969a). Adaptation to apatial stimuli. 
J. Ph~.2!. ~2, 11-13P. 
BLAKEMORE, C. & CAMPBELL, F.W. (1969b). Cr. the existence in the hUlllarl .. hunl 
system of neurones selective~ sensitive to the orientation nnd ALa. 
of retinal images. J. Pgysiol. 203, 237-260. 
BRINDLEY, G.S. & LEWIN, w.s. (1968). The sensations produced by olectrioal 
stimulation of the visual cortex. J. Ph.ysi.£t. 196, 41'-493. 
BROWN,' R.H. (1955). Velocity discrimination and the intons! ty-tLll~ rdat ion. 
~ cpt. Soc. Amer. tr.2, 189-192. 
CAMPBELL, F.W., CAP.PENTER, R.H.S. & LEVlNSW, J.Z. (1969b). V1albllHyor 
aperiodic pa.tterns compared with tha.t of sinusoidal grnt-tugs. ~~~~o.l. 
~'2!.t, 283-298. 
CAMPBELL, Ii'. W., CLEIJlm, B.G., COOPER, G.F. oX E..~!l(J;.'H-CUG:;LL. ClDlI!.,-:' L"t\ (1 $I;r). 
The 9.ligule.r selectivity of visual oortical oells to movins sr .. UJl.!!3. 
~ Ph¥siol. 12§, 237-250. 
CAMPBELL, Ii' .W., COOPER, G.F. & ENRorH-CUG1~LL, CHRISTINA (1969 .. ). :h~ IrltUAl 
selectivity of the visual cells of the oat. J, P9Y!l~. ~03. ~~)-~). 
CAAIPBELL, l!'.W. & MAll'FEI, L. (1970). Electroplvaiological evidello, fer t.ho 
existence of orientation and size detectors ill the humon vhunl a,;'ato:n. 
~ Physiol. gQ], 635-652. 
c.ANPBELL, F.W. & ROBSON, J.G. (1968). ~pplica.ticn of Fourier rJlttl.Y~ls 
to the visibility or gratings. J. Pgysiol. 121, 551-,66. 
19~ 
CASTELLUCCI, V.F. & GOLDRING, S. (1970). Contribution to steady potent1al 
shifts of slow depolariza.tion in cells presumed to be gIla. 
Electroenceph. clin. Neuroph,ysiol. 28, 109-118. 
CHAPIAN, R.M. (1965). Evoked responses to relevant and irreleyant Yi~u41 
stimuli while proble~ solving. Proe. 73rd Ann. Cony. Amer. PsY~~~l. A~~ •• 
177-178. 
CHATRIAN, G.E., BICKFORD, R.G., Pb'TERSEh, M.e., DOm::::, Jr., n.w., LCA.:<r~. J.A.. 
& HOLMAN, C.B. (1960). Lambda waves with depth electrodelJ 1n humtlna. 
In RAlV~-Y, E.R. & 0' DOHZR.'rY, D.S. (Eds), Eleotrioal Stud1u on th., 
!!!!anaesth~1zed Brain, 291-.310. New York, P.B. Roeber. 
ClGANEK, L. (1961). The EEG response (evoked potential) to light Itbull.ls 
in man. Electroenceph. olin. N europhysiol. .11, 16!)-171. 
CLARE, MA...'lGARET H. & BISHOP, G.H. (1954). Responsu frau an aaaoo1atlon 
area secondari~ activated from optic cortex. J. NeuroPDYslol. 11. 
271"'2n. 
CLARK, W.A. (1958). Average response computer, ARC-i. V.I.T. Q. Progr. 
!~. !t2, 114-117. 
CLARKE, F.J.J. (1960). A stuqy of Troxler's effeot. Optio. Aot~ !, :19-Z,6. 
CI.nlES, M. & KOlIN, M. (1967). Spatial visual evoked pot.enthls fla p1\V D1 C'lC'e t o 
language elements for color and field structure. In W. CO~l' o.'l: 
C. MCRUCUTTI (Eds), The Evoked Potentials. Electrocu~ooph •• cHn. 
~uroPhYsiol. Sup£l. 26, 82-96. 
II 
, 
I , 
I , 
I 
193 
COBB, W.A. (1950). On the form and latency of tho hUm/'lll COl."tical roaronu 
to illumination of the retina. Electroencaph. clin. ~europhya101. 
£, 103-114. 
COBB, W.A. ETTLllfGER, G. & MORTON, H.B. (1967a). Visual evoked poteutials 
in binocular rivalry. Electroenceph. clin. Neuropl\Ysiol., Supple ;:6, 
100-107. 
cam, W.A., ETTLJNGSR, G. & MORTON, H.B. (1968). Cerebral potontials ~"C'k~J 
in man by pattern reversal ar.d their suppression in visual rivalry. 
~ Physiol • .122., 33-341'. 
COBB, W.A., MOllTON, H.B. & :ZTTLINGER, G. (1967b). Cerebral potenticUs evokod 
by pattern reversal and their suppression in viaunl rivl6lry. ~:nlur. 
ll§., 1123-1125. 
COLLETT, T. (1970). Centripetal and centrifugal visual oalh 1.l II1t)ddh ct 
the insect optic lobe. J. NeurorDYsiol. ii, 239-256. 
COLONNIER, M. (1964). The tengential oreanbation of the viauul cortax. 
~ Anat. ~, 327-344. 
CO(J>ER, R., WINTER, A.L., CROW, H.J. & WALTEH, W.G. (196,). COlllp&\l'1s(\l~ of 
Subcortical, cortical and scalp activity using ohronioal13 l11d .. llll'~ 
electrodes in man. Electroenceph. clin. NeurophY!li2! • .1,§, ::!17-::n. 
COWEy, A. (1964). Projection of the retina on to the striate ~ld rr~3tr1ot~ 
cortex in the sCl,uirrel monkey. J. NeuroPDYdol. ll., 366·3~". 
CltlGG, B.G. (1969). The topography of the afferent projectiona in th., 
circuwstri8,te visual cortex of the monkey studied by the tinut. netlH,(1. 
Y!sion Res. 2., 733-747. 
CBEt1r3l".2LDT, O. & ITO, M. (1968). Functional synaptic orgn:.i.satiou or 
Prim i lEon i R ' 'I: ..... .l: ,., sry v sua. cortex neurones in the cat. '-'T. pre n as. 2" .; ..... -~, ... 
CREUTZFELDT, O. & ~IT, u. (1967). The visual evoked potentials rr~slo1-
ogical, developmental and clinical aspects. III COBB, W •• \: ~'cPUrtr:'l'I. C. 
(Eds) , The Evoked Potentials. Electroencerh• clin. tieurophystol. 
Supple 26, 29-41. 
CREUTZFELIJr, 0., ROSmA, A., lTO, M. &: PROBST, W. (1969). Vi:sual evoke.! 
response of single cells and of the EEG in primary visual area or the 
cat. J. Neurop~siol. 21, 127-139. 
nAWSON, w.W., PERRY, N.W. Jr. & CHILDERS, D.G. (1968). Flash an,:! S(\l\n 
stimulation of retinal fields and evoked response repro1uct1~\. 
!1ectroenceph. clin. Neuropgysiol. ~, 467-473. 
II!: LANGE, H. (1954). Relationships between critical fl1ckor-frequenc,j I!'ld 
a set of IO~-frequency characteristics of the eye. J. opt. Soc. A~or. 
b!:, 300-389. 
18 LUCCHI, M.R., GAROUTTE, B. & AIRD, R.B. (1962). The aca1v a~ An .l~¢tr(­
encephalographic a.verager. Electroenceph. clin. Neurophy:dol. ll, 
191-196. 
JB VALOIS, R.L., ABRAMOV, I. & JACOBS, G.H. (1966). Auo.lysh of r\):)FO'~.jO 
patterns of LQN cells. J. opt. Soc. Am. ~, ')66-<)77. 
lBNNEY 
.... , D., BAUMGARTNER, G. & ADORNAJI, C. (1968). ResPOllSes ('If cort trill 
neurones to stimUlation of the visual efferent radiatioll3. E)p. 1\~ 
!!!. ~, 265-272. 
DeVOE, R.G-., RIPPS, H. & VAUGHAN, H.G. Jr. (1968). Cortioal ruponau to 
at1mulation of the human fovea. Vision Res. ~, 135-147. 
IitsON, G.D. (1954). A summation technique for the deteotion of small evok~J 
potentials. Electroenceph. clin. NeuroPhYsiol. ~, 65-84. 
DIXON, N.F. & J'ZEVES, M.A. (1970). The interhemisphoric transfer of 
movement aftereffects: a comparison between acallosal end normal 
subjects. Psychon. Sci. ~, 201-203. 
DITCHBURN, R.W. (1955). Eye movements in relation to retinal action. 
Qptica Acta. ,1, 171-176. 
19.5 
DITCHBURN, R.W. & GINSBORG, B.L. (1952). Vision with a stabilised retu.al 
image. Nature. 1Z2, 36-38. 
DONCHIN, E. & COHEN, L. (1970). Evoked potentials to stimuli presented to 
the suppressed eye in a binocular rivalr,y experiment. Vi~{on Res. 
12., 103-106. 
Dm¥, B. & DL~~R, R. (1969). Visual receptive fields and responses to 
movement in an assooiation area of cat oerebral cortex. J. Neur~rhYslo1. 
~, 773-784. 
DOWLlNG, J.E., BROWN, J.E. & MAJOR, DIANE (1966). Synapses of horizontal 
cells in rabbit and cat retinas. Science, N.Y. 12l, 1639-1641. 
DUPFY, F .H. & LOMHROSO, C.T. (1968). Electropbvrsiological evidence tor 
visual suppression prior to the onset of a voluntar,y saccadic eye move-
ment. Nature. 218, 1074-1075. 
DUNCKER, K. (1938). Induced motion. In SOllrce Rook of Gestalt Pu,yoholo&, 
edt Ellis, W.H. Routledge/Harcourt Brace, 1938. Cited in Greeory, R.L. 
(1966) • 
EASON, R.G., GROVES, P., VffiITE, C.T. & ODEN, D. (1967). Evoked oortical 
potentials: relation to visual field end handedness. 3~tAnc8, N.Y • 
.122., 1643-1646. 
EVANS, C.C. (1952). Comments on 'Occipital sharp waves responsiva to visual 
stimuli'. ElectroenceE,h. clin. Neurop&siol. li, 11iP. 
196 
EAS<N, R.G., VlllITE, C.T. & BARTLETT, N. (1970). Effects of checkerboard 
pattern stimulation on evoked cortical responses in relation to check 
size and visual field. Psychon. Sci. ,g, 113-115. 
ECCLES, J.C. (1968). The Physiology of Nerve Cells. Baltimore, Johns 
Hopkins Press. 
FErrIER, D.H. (1964.). Control mecha..isms of the eye. Soia Amer. ,gj1, 24.-33. 
FENDER, D.H. & 1YE, P.W. (1961). An investigation of the mechanisms of eye 
movement control. KYbernetik1,81-88. 
FOSTER, DoH. (1968). The perception of moving, spatial~ periodic, intensity 
distributions. Optioa Acta 12, 625-626. 
FOURMENT, A., JAMI, L., CALVEr, J. & SCHERRER, J. (1965). Comparaison de 
l'EEG recuelli sur Ie scalp avec l'activite elementaire des dipoles 
corticaux radiaires. E1ectroenceph. c1in. Neurophysio1. 12, 217-229. 
FOX, S.S. & O'BRIEN, J.H. (1965). Duplication of evoked potential waveform 
by curve of probability of firing of a single cell. Science, N.Y. 
14.7, 888-890. 
GAARDER, K., KRAUSKOPF, J., GRAF, V., KROPFL, W. & AR.~mGTON, J.C. (1964.). 
Averaged brain activity following saccadic eye movement. Science. N.Y. 
1J6 I 14.81-14.83. 
CERRITS, H.J.M. & VENDRJX, A.J.H. (1970). Artificial movements of a stabi-
lised image. Vision Res. j£, 144.3-14.56. 
CIBSON, J.J. (1966). The senses considered as perceptual systems. London: 
George, Allen & Unwin Ltd. 
GOFF, W.R., MATSUMIYA, Y. ALLISON, T. & GOFF, G.D. (1969). Cross-modality 
cornparisons of averaSed evoked potentials. In E. Donchin and. D.B. Lindsley 
(Eds.), Averaged. Evoked Potentials. NASA SP-191, Washington, D.C'., 95-14.1. 
GOLDSTEIN, M.H. Jr. (1960). Averaging techniques applied to evoked 
responses. Electroenceph. clin. NeuropQysiol. Supple 20, 59-63. 
197 
GREGORY, R.L. (1966). Eye and Bra.in. London: Weidenfeld & Nicholson. 
GROSS, C.G., BENDER, D.B. & ROCHA-MIRANDA, C.E. (1969). Visual reoeptive 
fields of neurons in inferotemporal cortex of the monkey. Science, N.Y. 
~, 1303-1306. 
GROSS, M.M. VAUGHAN, H.G. Jr. &: VALEHSTEIN, E. (1967). Inhibition of VER:i 
to patterned stimuli during voluntar,y eye movements. Electroenceph. 
clin. Neurophysiol.. 22, 204-209. 
HALLIDAY, A.M. & MICHAEL, W.F. (1970). Changes in pattern-evoked responses 
in man associated with the vertical and horizontal meridians of the 
visual field. J. Physiol. 208, 499-513. 
HALLIDAY, A.M. & prrMAN, J. (1965). A digital computer avere.ger for work 
on evoked responses. J. Pgysiol. fZ§, 23-24P. 
HAMMOND, P. (1971). Chromatio sensitivity and spatial organisation of cat 
visual cortical cells: cone-rod interaction. J. Phlsi,ol. ~13, 475-494. 
HAMILTON, C.R. & LUND, J.S. (1970). Visual discrimination of movement: 
midbrain or forebrain? Soience, N.Y. 11.Q., 1428-1430. 
HARTER, M.R. (1970). Evoked cortical responses to checkerboard patterns: 
effect of chec~size as a function of retinal eccentrioity. Vision Res • 
.1£, 1365-1376. 
HARTER, M.R. (1971). Visual~ evoked cortical responses to the on- and off'-
set of patterned light in humans. Vision Res. 11, 685-695. 
HARTER, M.R. & m1ITE, C.T. (1968). Effect of oontour sharpness and check-
size on visual~ evoked cortical potentials. Vision Res. ~, 701-711. 
198 
HARTER, M.R. & ~~ITE, C.T. (1970). Evoked cortical responses to checker-
board patterns: effect of check-size as a function of visual aouity. 
Electroenoeph. olin. Neuroph,ysiol. 28. 48-54. 
HAYASHI, Y. (1969). Recurrent collateral inhibition of visual cortical 
cells projecting to superior colliculus in cats. V:1sion Res.' ,2, 
1367-1380. 
HEATH, R.G. & GALBRAITH, G.C. (1966). Sensory evoked responses recorded 
8imultaneous~ from human cortex and scalp. Nature~, 1535-1537. 
HILL, R.M. (1966). Receptive field properties of the superior colliculus 
of the rabbit. Nature 211, 1407-1409. 
HOFFMANN, K.P. & STRASCHILL, M. (1971). Influences of cortico-tectal and 
intertectal connections on visual responses in the cat's superior 
colliculus. Exp. Brain Res. ~, 120-131. 
HOLMES, G. (1918). Disturbances of vision by cerebral lesions. Brit. J. 
£pthal. ~, 353-383. 
HOLMES, C. (1945). The organisation of the visual cortex in man. Proc. Roy. 
Soc. B. ~, 348-361. 
HUBEL, D.H. (1959). Single unit activity in striate cortex of unrestrained 
oats. J. Physiol. ~, 226-238. 
RUBEL, D.H. (1963). Integrative processes in central visual pathw~s or 
the cat. J. opt. Soc. Am. 2l' 58-66. 
RUBEL, D.H. & WIESEL, T.N. (1959). Receptive fields of single neurons in 
the oat's striate cortex. J. PhYsiol. ~, 574-591. 
RUBEL, D.H. & WIESEL, T.N. (1960a). Single unit activity in lateral geni-
culate boqy and optic traot of unrestrained cats. J. PhYsiol. 122, 91-10~. 
199 
HUBEL, D.H. & WIESEL, T.N. (1960b). Receptive ~ields of optic nerve fibres 
in the spider monkey. J. Physiol. 154, 572-580. 
RUBEL, D.H. & WIESEL, T.N. (1961). Integrative action in the eat's lateral. 
geniculate body. J. Physiol. lli, 385-398. 
HUBEL, D.H. & WIESEL, T.N. (1962). Receptive fields, binocular interaction 
and ~unctiona.l architecture in the eat's striate cortex. J. PhYsiol. 
W, 106-154-
RUBEL, D.H. & WIESEL, T.N. (1965). Receptive ~ields and functional archi-
tecture in two non-striate visual areas (18 and 19) o~ the oat. 
J. NeurophYsiol. 28, 229-289. 
RUBEL, D.H. & WIESEL, T.N. (1968). Receptive fields and ~unctional archi-
tecture of monkey striate cortex. J. PhYsiol• 122, 215-243. 
RUBEL, D.H. & WIESEL, T.N. (1969a). Visual area of the lateral suprasylvian 
gyrus (Clare-Bishop area) o~ the cat. J. Pgysiol. ~, 251-260. 
RUBEL, D.H. & WIESEL, T.N. (1969b). Anatomical demonstration o~ columns in 
the monkey striate cortex. Nature lli, 747-750. 
RUBEL, D.H. & WIESEL, T.N. (1970). Cells sensitive to binocular depth in 
area 18 of the macaque monkey cortex. N dura 225, 41-42. 
HUGHES, J.R. (1964). Responses from the visual cortex of unanaesthetlzed 
monkeys. Int. Rev. Neurobiol. 1, 99-152. 
HUMPHREY, N.K. (1968). Responses to visual stimuli of units in the superior 
colliculus of rats and monkeys. E?Cpl. Neurol. 20, 312-340. 
HUMpImEY, N .K. & V'IEISKRANTZ, L. (1967). Vis ion in monkeys after removal 
o~ the striate' cortex. Nature 215, 595-597. 
200 
JACOBSON, M. & CAZE, R.M. (1964). Types o-f visual response from nngle 
units in the optic tectum and optic nerve of the goldfish. Q. Jl. expo 
Physiol. 49, 199-209. 
JEMrnEROD, M. & SAKAI, K. (1970). Occipital and geniculate potentials 
related to eye movements in the unanaesthetized cat. Vision Res • .11, 
161-165. 
JEFFREYS, D.A. (1968a). Separable components of human evoked responses to 
spatial~ patterned visual fields. Electroenceph. clin. Neuropqysiol. 
~, 596P. 
JEFFREYS, D.A. (1968b). A magnetic recording method of Rveraeing evoked 
bioloSical potentials. Thesis. University of London. 
JEFFREYS, D.A. (1969). Cited in MacKAY, D.M. (Ed). Evoked brain potentials 
as indicators of sensory information processing. Neurosciences Res. 
Prog. Bull. 1, 211. 
JEFFREYS, D.A. (1970a). Polarity and distribution of human visual evoked 
potential (VEP) components as clues to cortical topography. 
Electroenceph. clin. Neurophysiol. £2, 328P. 
JEFFREYS, D.A. (1970b). Striate and extra-striate origins of pattern-
related visual evoked potential (VEP) components. J. Physi~. ill, 
29-.3oP. 
JEFFREYS, D.A. (1971). Cortical source locations of pattern-related visual 
evoked potentials reoorded from the human scalp. Nature 222, 502-504. 
JOHN, E.R., HERRING'rON, R.N. & SU'fTCN, S. (1967). Effects of visual form 
on the evoked response. Science, N.Y. 122, 1439-1442. 
201 
JOHN, E.R., RUCHKIN, D.S. & VILLEGAS, J. (1964). Experimental background: 
signal an~sis and behavioural correlates of evoked potential 
configurations in cats. Ann. N.Y. Acad. Sci. 112, 362-420. 
JOHlYSCN, E.P., RIGGS, L.A., & SCHICK, Amy M.L. (1966). Photopic retinal 
potentials evoked by phase alternation of a barred pattern. Vision Res. 
(Suppl. Clin. Electroretinographx) &, 75-91. 
JONES, B.H. (1970). Responses of single neurones in oat visual cortex to 
a simple and a more complex stimulus. Am. J. PhYsiol. 218, 1102-1107. 
KATZN~, R. (1964). The validity of the visual evoked response in mml. In 
KATZMAN, R. (Ed), Sensory Evoked Response in Man, !um. N.Y. Acnd. Sci. 
112, Art.1. 238-240. 
--
. KINSTON., W.J., VADAS, M.A. & BISHOP, P.O. (1969). Multiple projection of 
the visual field to the medial portion of the dorsal lateral geniculate 
nucleus and the adjacent nuclei of the thalamus of the cat. J. Compo 
Neurol. ~, 295-316. 
KOOI, K.A. & BAGeHI, B.K. (1964). Visual evoked responses in m~l: normative 
data. In KATZW..AN, R. (Ed), Sensory Evoked Response tn Nan, Ann. N.Y. 
Acad. Sci •• 112. Art.1. 254-269. 
KOZAK, W., RODIECK, R.W. & BISHOP, P.O. (1965). Responses or single units 
in lateral geniculate nucleus of cat to moving visual patterns. 
J. NeuroPhysiol. 1§, 19-47. 
KOFFLER, s.w. (1953). Discharge pattern and functional organisation of 
mammalian retina. J. Neurophysiol. 1.§., 37-68. 
KUF'FLER, S.W., NICHOLLS, J.G-. & ORKLAND, R.L. (1966). Physiological 
properties of glial cells in the central nervous systems of amphibia. 
J. Neurophysiol. ~, 768-787. 
202 
LANSING, R.W. (1964). Electroencephalographic correlates of binocular 
rivalr,y in man. Science, N.Y. 146, 1325-1327. 
LATOUR, P.L. (1962). Visual threshold during eye movements. Vision Res. 
g, 261-262. 
LEHMANN, D., BEELER, G.W. & FENDER, D.H. (1965). Cha.nges in patterns of 
the human electroencephalogram during fluctuations of perception of 
stabilized retinal images. Electroenceph. clin. Neurophysiol. 12, 
336-343. 
LElfMAt..'N, D., BEELE..-q, G.W. & F'..!:NDER, D.H. (1967). EEG responses to light 
flashes durir~ the observation of stabilized and normal retinal images. 
Electroenceph. clin. NeuroPAYsiol. 22, 136-142. 
LEHT~~N, J.B. & KOIVIKKO, M.J. (1971). The use of a non-oephalic reference 
electrode in recording cerebral evoked potentials in man. Electroenc~ph. 
clin. NeurophYsiol. 21, 154-156. 
LEIBOWITZ, H.W. (1955a). The relation between the rate threshold for the 
perception of movement, end luminance for various durations of exposure. 
J. exp. Psyohol. lt2" 209-214. 
LEIBOWITZ, H.W. (1955b). Effect of reference lines on the discrimination of 
movement. J. opt. Soc. Am. ~, 829-830. 
LEIBO'nITZ, H.W., MYERS, Nancy A. & GRAl'.'T, D.A. (1955). Radial localbation 
of a single stimulus as a function of luminance end duration of 
exposure. J. opt. Soc. Am. ~, 76-78. 
I 
LESEVRE, N. &: REMCND, A. (1970). Influence des contrastes sur las reponses 
, , 
evoquees visuelles. Rev. Neurol. 122, 505-516. 
203 
LETTVIN, J.Y., MATURANA, H.R., McCULLOCK, W.S. & PrITS, W.H. (1959). What 
the frog's eye tells the grog's brain. Proc. Inst. Radio Enl1rs. il, 
1940-1951. 
LEVICK, W.R. (1967). Receptive fields and trigger features of ganglion 
cells in the visual streak of the rabbit retina. J. PljYsiol. 188, 
285-307. 
LEVICK, W.R., OYSTER, C.W. & TAKAH.II.SHI, E. (1969). Rabbit lateral geniculate 
nucleus: sharpener of directional information. Science I If .Y. ill, 
712-714. 
LIFSHITZ, K. (1966). The averaged evoked cortical response to complex visual 
stimuli. Psychopgysioloel 2, 55-68. 
LORENTE DE NO, R. (1938). Analysis of the activity of the cha.ins of 
internuncial neurons. J. Neuropgysiol. 1, 187-194. 
MACH, E. (1875). Grundlinie d. Lehre v. d. Eewegungsempfindunsen p.p. 59-65 
Cited by WOHLGEMUTH, A. (1911). Er. J. Psycho~C?n.o.s.r~._Suppl. 1. 
McILWAIN, J.T. (1964). Receptive fields of optic tract axone and lateral 
geniculate cells: peripheral extent and barbiturate sensitivity. 
J. Neuropgysiol. gz, 1154-1173. 
McILWAnr, J .T. & BUSER, P. (1968). Receptive fields of single cells in 
eat's superior eolliculus. Exp. Brain Res. ~, 314-325. 
McILWAIN, J .T. & FIELOO, H.L. (1970). Superior colliculus: Ungle unit 
responses to stimulation of visual cortex in the cat. Science, N.Y. 
112, 1426-1428. 
MacKAY, D.M. (1957a). Moving visual imaees produced by regular stationar,y 
patterns. Nature 180, 849-850. 
204 
MacKAY, D.M. (1957b). Some further visual phenomena associated with regular 
patterned stimulation. Nature 180,1145-1146. 
MacKAY, D.M. (1961a). Interactive processes in perception. In RO~~LlTH, W.A. 
(Ed), Senso~ Communication. Boston: MIT Press. 
MacKAY, D.M. (1968). Evoked potentials reflecting interocular and monocular 
suppression. Nature~, 81-83. 
MacKAY, D.M. (Ed) (1969). Evoked brain potentials as indicators of sensory 
information processing. Neu~osciences Res. Prog. Bull., 1. 
MacKAY, D.M. (1970). Elevation of visual threshold by displacement of 
retinal image. N atura ~, 90-92. 
MacY~~, D.M. (In press). Visual stability and voluntary eye movements. In 
He.n"lbook of Sensory Physiology (JUNG, R., Ed.), lb.. Heidelberg and 
New York, Springer. 
MacKAY, D.M. & JEFFREYS, D.A. (1971). Visual evoked potentials in man and 
visual perception. In Handbook of Sensory Physiology (JUNG, R., Ed.), 
, 
112. 
MacKAY, D.M. & RIETVELD, W.J. (1968). Electroencephalo2ram potentials 
evoked by accelerated visual motion. Nature~, 677-678. 
MAFFEI, L. & ClUPBELL, F .W. (1970). Neurop~siological localisation of the 
vertical and horizontal visual ooordinates in man. Science, N.Y. 
ill, 386-387. 
MARCHIAFAVA, P. & PEPEU, G. (1966). The responses of units in the superior 
colliculus of the cat to a moving visual stimulus. Experientia~, 51-53. 
MARG, E., ADAMS, J.E. & RUTKIN, B. (1968). Receptive fields of cells in the 
human visual cortex. Experientia~, 348-350. 
MARSHALL,:C. & HARDEN, c. (19.52). Use of rhythmically varying patterns 
for photic stimulation. Electroenoeph. olin. NeurophYsiol. 4, 283-287. 
!ASLAND, R.H., CHOW, K.L. & STEW1L~, D.L. (1971). Receptive field 
characteristics of superior colliculus neurons in the rabbit. 
J. Neuropgysiol. ~, 148-1.56. 
MAT~~A, H.R. & FRENK, S. (1963). Directional movement and horizontal 
edge detectors in the pigeon retina. Science, N.Y. 142, 977-979. 
MAY, J.G., FOm3ES, W.B. & PIDlTANIDA, T.P. (1971). The visual evoked 
response obtained with an alternating barred pattern: rate, spatial 
frequency and wave length. Eleotroenceph. clin. Neuropgysiol • .22., 
222-228. 
MICHAEL, J.A. & STARK, L. (1967). Electrophysiological correlates of 
saccadic suppression. Expl. Neurol. 11, 233-246. 
MICHAEL, W.F. & HALLIDAY, A.M. (1970). Visually evoked responses to patterned 
stimuli in different octants of the visual field. Electroenceph. olin. 
NeuroPhysiol. ~, 106P. 
MICHAEL, W.F. & HALLIDAY, A.M. (1971). Differences between the occipital 
distribution of upper and lower field pattern-evoked responses in man. 
Brain Res • .,g, 311-324. 
MONNIER, M. (1952). Retinal, cortical and motor re8ponse~ to photio stimu-
lation in man. Retinocortical time and optomotor integration time. 
J. NeurophYeiol • .12, 469-486. 
NODA, H., FREEMAN Jr., R.B., GrES, B & CREUTZFELDr, O.D. (1971). Neuronal 
responses in the visual cortex of awake cats to stationar,y and moving 
targets. Exp. Brain Res. g, 389-405. 
206 
OTSUKA, R. & HASSLER, R. (1962). Uber Aufban und Gliederung der corticalen 
Sehsphare bei der Katze. Arch. Psychiat. Nervkrankh. 203, 212-234-. 
OYSTER, C.W. (1968). The an~sis of image motion by the rabbit retina. 
J. Pgysiol. 199, 613-635. 
OYSTER, C.W. ~ BARLaV, H.B. (1967). Direction-selective units in rabbit 
retina: distribution of preferred directions. Science, N .Y. !.2.2., 
84-1-842. 
PALKA, J. (196~). Discrimination between movements of eye and object by 
visual interneurones of crickets. J. expo Biol. 22" 723-732. 
PANl'LE, A. & SEKULAR, R.W. (1968a). Velocity sensitive elements in human 
vision. Vision Res. ~, 4-4-5-4-50. 
PANTLE, A. & SEKULA...ll, R.W. (1968b). Size detecting mechanisms in human 
vision. Science, N.Y. 162, 1146-1148. 
PANTLE, A. & SEKULAR, R.W. (1969). Contrast response of human visual 
mechanisms sensitive to orientation and direction of motion. Vision Res • 
.2" 397-4-06. 
PAPERT, s. (1964-). Stereoscopic synthesis as a technique for localising 
visual mechanisms. M.I.T. 9. Progr. Rep. Il, 239-244. 
PENFIELD, W. & JASPER, H. (1954-). Epilepsy end the Functional Anatonty of 
the Human Brain. London: Churohill. 
PENFIELD, W. & RASMUSSEN, T. (1957). The Cerebral Cortex of Man. New York: 
Macmillan. 
PERRY, N.W. Jr. & CHILDERS, D.G. (1969). The Human Visual Evoked Response: 
Method and Theory. Springfield, IU., C.C. Thomas. 
207 11 
\ 
! 
J 
PETTIGREW, J.D., NIKARA, T. & BISHOP, P.O. (1968). Responses to moving 
slits by sir~le units in cat striate cortex. Exp. Brain Res. ~, 
373-390. 
PICKERSGn.L, MARY J. (1963). Af'ter-effect of movement in the stimulated 
and opposite eyes during and after pressure blinding. Nature ill, 
833-834-. 
PICKERSGILL, W:.AR.Y J. & JEEVES, M.A. (1964). The origin of the after-effect 
of movement. Q. Jl. expo P;rchol. 12, 90-103. 
PCLYAK, S. (1957). The Vertebrate Visual System. Chicago, University of 
Chicago Press. 
PR~~, K.H., spn~LLI, D.N. & KAMBACK, M.C. (1967). Electrocortical 
correlates of stimulus response end reinforcement. Science, N.Y. 
ill, 5'4-96. 
RASHBASS, c. (1961). The relationship between saccadic and smooth tracking 
eye movements. J. Pgysiol. 122, 326-338. 
REGAN, D. (1968). Chromatic adaptation and steady-state evcked potentials. 
Vision Res. §, 149-158. 
REGAN, D. (1970). Evoked potential and psychophysical correlates of changes 
in stimulus oolour and intensity. Vision Res. 12. 163-178. 
REGAN, D. (1971, In Press). Evoked Potentials in Man. London, Methuen. 
REGAN, D. & RICHARDS, w. (1971). Independence of evoked potentials and 
apparent size. Vision Res • .11, 679-684. 
REGAN, D. & SPEKREIJSE, H. (1970). Electrophysiological correlate of 
binocular depth perception in man. Nature 225, 92-94-. 
2C8 
REICr~DT, w. (1961). Autocorrelation, a principle for the evaluation of 
sensory information by the central nervous system. In ROS~\~LITH, W.A. 
(Ed.), Sensory Communication. Boston: MIT Press. 
REMOND, A. , LESEVRE, N. & TORRES, F. (1965). Etude chronotopographique 
de l'activite occipitale moyenne recueillie sur le scalp chez l'homme 
en relation avec les dtplacements du regard (complexe lamb da). 
Rev. !~eurol. 113, 193-226. 
RICa\RDS, w. (1968). Visual suppression during passive eye-movements. 
J. opt. Soc. Am • .2,§, 1159-1160. 
RICHARDS, W. (1971). Motion detection in man and other animals. ~ 
Behav. Evol. 4, 162-181. 
RICHARDS, W. & SMrrH, R.A. (1969). Midbrain as a site for the motion 
after-effect. Na.ture 223, 533-534. 
RIDDOCH, G-. (1917). Dissociation of visual perceptions due to ocoipital 
injuries, with especial reference to appreciation of movement. ~ 
~, 15-57. 
RIETVELD, W.J. & MacKAY, D.M. (1969a). Evoked responses to acceleration 
and to tachistoscopio presentation of patterned visual stimuli. 
Electroenceph. olin. Neuropgysiol. 26, 537P. 
RIETVELD, W.J. & MacKAY, D.M. (1969b). Cited in MacKAY, D.M. (Ed.) Evoked 
brain potentials as indicators of sensory information prooessing. 
N euroaciences Res. Pros. Bull. 1, 211. 
RIETVELD, W.J., TORDOIR, W.E.M., HAGENOu\", J.R.B. & van DOr,G-l~N, K.J. (1965). 
Contribution of foveo-parafoveal quadrants to the visual evoked 
response. Acta Physiol. Pharmacal. Neerl • .12., 340-347. 
RD.<;TVELD, W.J., TORDOIR, W.E.M., HAGENOUi/, J.R.B., LUTIBERS, J.A. & 
SPOOR, Th. A.C. (1967). Visual evoked responses to blank and to 
checkerboard patterned flashes. Acta Physiol. Pharmacol. Neerl. 
,12, 341J-347. 
209 
RIGGS, L.A., RATLIFF, F., CCRNSWEET, J.C. & CORNSWSET, T.N. (1953). The 
disappearance of steadi~ fixated visual test objects. J. opt. Soc. Am. 
l±2, 495-501. 
RIGGS, L.A. & V.'HITTLE, P. (1967). Human occipital and retinal. potential.s 
evoked by subjective~ faded visual stimuli. Vision Res. 1, 441-451. 
ROBINSON, D.A. (1968). Eye movement control in primates. Science, N.Y. 
ill, 1219-1224. 
SCHIPPER~r, J.J. (1965). Contrast detection in frogs retina. Acta 
Physiol. Pharmecol. Neerl. ,12, 231-2n. 
SCH1~IDER, G.E. (1969). Two visual systems. Science, N.Y. ~, 895-902. 
SCHOUT:!:!J, J.F. (1967). Subjective stroboscopy and a model of visual movement 
detectors. In WATHEN-Dm~, W. (Ed.), Medals for the Perception of 
Speech and Visual Form. Boston: M.I.T. Press. 
SCHREINEMACHE~S, H.P. & HE1~S, H.E. (1968). Relation between localised 
retinal stimuli and the visual evoked response in man. Opthalmologica 
(~) 122, 17-27. 
SCO"rT, D.F. & BICKFORD, R.G. (1966). Lambd&. wave averaging in man and 
monkey. Electroenceph. clin. NeuroPhysiol. ~, 621-62~. 
SC~rT, D.F. & BICKFORD, R.G. (1967). ElectropnysioloGio studies during 
scanning and passive eye movements in humans. Scipnce 122, 102-102. 
210 
SCOTT, T .R. & WOOD, DORarHY Z. (1966). Retinal anoxia and the locu3 of 
the after-effect of motion. Am. J. Psychol. ]2, 435-442. 
SEKULA...l{, R.'ll. (1965). Spatial and temporal determinants of visual backward 
masking. J. expo Psychol. 12, 401-406. 
SEKULAR, R.W. & aANZ, L. (1963). After-effect of seen motion with a 
stabilised retinal image. Science, N.Y. ill, 419-420. 
SEKULA...l{, R.W. 8: PANTLE, A. (1966). A model for after-effects of :Jeen 
movement. Vision Res. 1, 427-439. 
SEKOLAR, R.W., RUBIN, E.L. & CUSHMA..1'f, W.H. (1968). Selectivities of human 
visual mechanisms for direction of movement and contour orientation. 
J. opt. Soc. Am.2§" 1146-1150. 
SHIPLEY, T., JONES, R.W. & FRI, AMELIA (1966). Intensity and the evoked 
occipitogram in man. Vision Res. 2, 657-667. 
SINaER, W. & CREUTZFELD, O.D. (1971). Reciprocal lateral inhibition of 
on-and off-centre neurones in the lateral geniculate boqy of the cat. 
Exp. Brain Res. 12, 311-330. 
SPEHLMANN, R. (1963). Occipital electric responses to diffuse and patterned 
light in the human. Fed. Proc. ,gg, 5TI. 
SPEHLIW1N, R. (1965). The averaged electrical responses to diffuse and to 
patterned light in the human. Electroenc9ph. olin. NeuroPhysiol • 
.12, 560-569. 
SPEKREIJSE, H. (1966). Analysis of EEG responses in men. PhD Thesis, 
University of Amsterdam, 1966. 
SPINELLI, D.N. (1967). Evoked responses to visual patterns in erea. 17 of 
the rhesus monkey. Brain Res. ~, 511-514. 
211 
SPTImLLI, D.N. & iVEllrG.AR.TEN, MOREY (1966). Afferent and efferent activity 
in single units of the eat's optic nerve. Expl. Neurol. 15, 347-362. 
SPRAGUE, J.M. (1966). Interaction of cortex and superior colliculus in 
mediation of visually guided behaviour in the cat. Science, If .Y. ill, 
1544--1547. 
STk~, A. (1967). Localisation of objects in visual space with abnormal 
saccadic eye movements. Brain 22, 545-564. 
STERLING, P. & 'lIICKELGREN, BARBARA G. (1969). Visual receptive field.s in 
superior colliculus of cat. J. Neurophysiol. 2,g, 1-15. 
STEWART, D.L., CHOW, K.L. & NlASLAND, R.H. (1971). Receptive field char act-
eristics of lateral geniculate neurons in the rabbit. J. Neuro-
I 
physiol. ~, 139-147. 
STONE, J. & FABIAN, M. (1966). Specialised receptive fields of the cat's 
[ 
I 
I 
I 
retina. Science, N.Y. ill, 1277-1279. 
STRASCHILL, M. & TAGHAVY, A. (1967). Neuronale Reaktior ... en im Tectum 
I 
opticum der Katze auf bewegte und stationare Lichtreize. 
~, 353-367. 
Eyp. Brain Re.,! 
-"I TALBOT, S.A. (1942). A lateral localisation in the eat's visual cortex. 
Fed. Proc. Amer. Soc. expo BioI., ,1, 84.. 
TALBOT, S.A. & MARSHALL, VI.H. (1941). Physiological studies on neural 
mechanisms of visual location and discrimination. Amer. J. Opthe.l. 
~, 1255-1263. 
! 
I , ! I 
; : ! 
I 
f) i 
, , I 
i ; I 
, , I 
, i! 
! 
; 
TAYLOR, M.M. (1963). Visual discrimination and orienta.tion. J, opt. S<'c, A,,!. 
TEPAS, D.I. & At1MINGl'Ol'J, J.C. (1962). Properties of evoked visual 
potentials. Vision Res. g" 449-461. 
i! 
: i 
, :: 
212 
TEUBER, H.L. (1960). Perception. In Handbook of Physiolo~S: Section 1 
Neuropgysiolof3, ed. FIELD, J. ~nshington, D.C.: A~ericrun Physiological 
-' 
Society, 2., 1595-1668. 
TEUBER, H.L., BATTERSBY, W.S. & BEKDER, M.B. (1960). Visual Field Defects 
after Penetratinp; Missile Wounds of the Brain. Harvard. 
TEUBER, H.L. & BENDER, M.B. (1949). Ablations in pattern vision following 
trauma of occipital lobes in man. J. ~en. Psychol. ~~, 37-57. 
van BALEN, A.T.M. (1964). The influence of suppression of the flicker ERG. 
Dooum. Opth • .1§, 440-W. 
van der T'NEEL, L.H. & Ltn~EL, H.F .E. VERDUYN (1965). Human visual responses 
to sinusoidally modulated light. Electroenceph. clin. Neurophysiol. 
18, 587-598. 
van der TWEEL, L.H., REGAN, D. &; SPEKREIJSS, H. (1971). Some aspects of 
potentials evoked by changes in spatial brightness contrast. 
Proo. 7th Int. Symp. ISCERG., 1-12. 
van der T1.TEEL, L.H., SFiKREIJS3, H. & ZUIDEMA, (Ill Press). ThCl eye 
as a differential arnplif'ier. ISCE..T.tG, 1970. 
van r:ES, F.L. (1969). Enhanced visibility by regular motion of retinal 
images. Am. J. Psychol. 81, 367-374. 
VAUGHAN, H.G. Jr. (196:). The relationship of brain activity to scalp 
recordings of event-related potentials. In Da.~CHr!'I, E. 8: LINDSLEY, D.B. 
(Eds.), Averaged Evoked Potentials. Washington, NASA SP-191, 45-94. 
VOLK1W,"'N, FRAnCES C. (1962). Vision durine voluntary saccadio eye movements 
J. opt. Soc. Am. ~, 571-578. 
213 
y.'SnrsTEIN, GoW., HOBSON, R.R. & BAKER, FoHo (1971). Extracellular 
recordings from human retinal ganglion cells. Science, N.Y. ill, 
1021-1022. 
WEIDlER, H. & THUMA, B.D. (1942). A deficiency in the perception of apparent 
motion in children with brain injury. Arrer. J. Psychol. ,22, 50-67. 
'NH:rrE, C.T. (1969). Evoked cortical responses and patterned stimuli. 
Amer. Psychol. 24, 211-214. 
WICKELGREN, BARBARA G. & SPERLJNG, P. (1969). Influence of visual cortex 
on receptive fields in the superior colliculus of the cat. 
J. Neurophysiol. E" 16-23. 
WIESEL, T.N. & HUBEL, D.H. (1966). Spatial a...'1d chromatic interactions in 
the lateral geniculate body of the rhesus monkey. J. Neurophys:iol. 
29, 1115-1156. 
WOHLGEMUTH, A. (1911). On the arter-effect of seen movement. Er. J. Psychol. 
Mono~r. Supple 1. 
~~IGHT, M.J. (1969). Visual receptive fields of cells in a cortical ere~ 
remote from the 'striate cortex in the cat. Nature 2~3, 973-975. 
WURTZ, R.H. (1968). Visual cortex neurons: response to stimuli during 
rapid eye movements. Science, N.Y. 162, 1148-1150. 
WURTZ, R.H. (1969a). Visual receptive fields of striate cortex nourons in 
awake monkeys. J. NeuroPh,ysiol. ,2£, 727-71.:2. 
WURTZ, R.H. (1969b). Response of striate cortex neurons to stimuli during 
rapid oye movements in the monkey. J. N 9llrophysiol. ,2" 975-986. 
VruRTZ, R.H. (1969c). Co~perison of effects of eye movements and stimulus 
movements on striate cortex neurons of the monkey. J. NeurophYs1ol. 
g, 987-994-. 
AC1\N O~VLR IlGEMENrS 
I would like to express my sincere gratefulness to 
Professor D. :M. MacKay end Dr. D. A. Jeffreys for supervision 
throughout the course of this work. I am indebted to them for 
their advice and helpful criticism at every stage. Dr. D. Regan, 
Dr. P. Hammond, Dr. D. Andrews and Mr. J. Axford al.so gave me 
helpful advice on numerous occasions. 
214-
Special. thanks are due to all those who acted as subjects, 
especially Margaret Steele, Isobel Luckham, Stephen Hale, Allan Jones, 
Barry Smith and Gerry Cooper. 
I am very grateful also to Mrs. James for typing the first 
draft of this thesis, and to Mrs. S. Y. Greenslade for typing the 
finaJ. document. 
I thank the Science Research Council for supporting me 
with a Research Studentship. 
